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ABSTRACT

Forsblom, Samu

Design and Construction of Metal-Organic Polyhedra
Jyvaskyla: University of Jyvaskyla, 2022, 212 p.

(JYU Dissertations

ISSN 2489-9003; 569)

ISBN 978-951-39-9216-3 (PDF)

This thesis describes the design, synthesis, and characterization of
metallosupramolecular capsules and cages from cationic multivalent ligands. In
the first half of the thesis, an overview of supramolecular and
metallosupramolecular chemistry is provided with short introduction to
different families of polyhedra as a basis for metal-organic polyhedra (MOPs).
The thesis additionally presents a general design methodologies for the ligands
and metal nodes suitable for obtaining supramolecular coordination complexes.
This section also presents a brief review of metallosupramolecular cages and
capsules obtained using O-donor based anionic ligands.

This is followed by a section outlining different strategies used for
constructing discrete metallosupramolecular assemblies using N-donor based
ligands. Strategies discussed involve two-component systems, utilizing edge-
directed and face-directed approaches, together with multicomponent systems
and subcomponent systems, with several examples shown. Various applications
for supramolecular assemblies, such as storage containers and catalysis or
reaction vessels are also demonstrated.

The second half of the thesis describes the methods used to synthesize and
characterize supramolecular coordination structures obtained in the
experimental part of the thesis using cationic multivalent N-donor ligands based
on bipyridinium moiety. The assemblies include large supercationic [MelLg]36*
cage-like assemblies containing Cu"' and Ni''! metal nodes, while encapsulating
and coordinating various anions. Additionally, herein this work is reported for
the first-time new type of dimeric capsules containing two different types of Zn!
metal nodes.

Keywords: metallosupramolecular chemistry, coordination chemistry, structural
chemistry, self-assembly, crystallization, X-ray crystallography, N-donor ligands,
quaternized ligands
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Tama vaitoskirja tarkastelee kationisiin  monivarauksellisiin  ligandeihin
perustuvien metallisupramolekulaaristen kapselien ja héakkirakenteiden
suunnittelua, synteesid sekd karakterisointia. Vaitoskirjan ensimmaisessa
puolikkaassa annetaan yleiskuvaus supramolekyyli- ja metallisupramolekyyli-
kemiasta, seka esitellaan lyhyt johdanto erilaisiin monitahokkaisiin kappaleisiin,
joita voidaan kaytetddn metalli-orgaanisten monitahokkaiden suunnittelun
pohjana. Vaitoskirja kay lapi liséaksi yleisia ligandien ja metallikeskusten
suunnitteluperiaatteita, joiden avulla supramolekulaarisia koordinaatio-
yhdisteitd voidaan syntetisoida. Tama osio esittelee myo6s katselmuksen
O-donoriligandeihin  pohjautuvia metalli-orgaanisia héakkirakenteita sekéa
kapseleita.

Seuraava osio hahmottelee erilaisia strategioita, joita voidaan kayttaa
metallisupramolekulaaristen hakkirakenteiden valmistuksessa hyddyntéen
N-donori  pohjaisia  ligandeja.  Esiteltdvia  strategioita ovat mm.
kaksikomponentti seka monikomponentti ja alakomponentti
rakennejarjestelmista, jotka hyoddyntavat esimerkiksi sarméa- ja tahko-ohjaavia
ligandeja.  Kirjallisen  osuuden lopuksi kaydaan Ilapi  muutamia
metallisupramolekulaarisille  kapseli- ja  hakkirakenteille  tyypillisia
sovelluskohteita, joista voidaan mainita mm. erilaiset vierasmolekyylien
varastointiprosessit, nano- ja katalyysireaktorit sekd selektiivinen ionien
talteenotto.

Vaitoskirjan kokeellisessa osassa kaydaan lapi vaitoskirjatydssa kehitettyja
polykationisten N-donori ligandeihin pohjautuvia supramolekulaaristen
hakkirakenteiden rakennekemiallisia ominaisuuksia, syntetiikkaa seka
yhdisteiden termisid ominaisuuksia. Tyodssa syntetisoidut ja karakterisoidut
yhdisteet ovat superkationisia [MeLs]3* hakkimaisia rakennelmia, jotka
koostuvat joko Cu'l tai Ni" metallikeskuksista sekd bipyridyyli-johdannaisesta
ligandista.  Vaitoskirjassa raportoidaan myds ensimmadista  kertaa
uudentyyppisia dimeerisia kapseleita, jotka pitavat sisallaan seka tetraedrisesti,
ettd oktaedrisesti koordinoituneita Zn!"' metallikeskuksia.

Avainsanat: metallisupramolekyylikemia, koordinaatiokemia, rakennekemia,
itsejarjestaytyminen, kiteytyminen, rontgenkristallografia, N-donoriligandit,
kvaternisoidut ligandit
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1 INTRODUCTION

1.1 Supramolecular and metallosupramolecular chemistry

One of the main contributors to the field of supramolecular chemistry,
Jean-Marie Lehn defined supramolecular chemistry as “...chemistry of the
intermolecular bond, covering the structures and functions of the entities formed by
association of two or more chemical species.”? in his Nobel lecture after winning the
Nobel Prize in Chemistry 1987 together with Donald Cram and Charles Peterson
for “development and use of molecules with structure-specific interactions of
high selectivity”. Cram and co-workers23 described the same area as host-guest
chemistry, and yet another way to express supramolecular chemistry is to say that
it is chemistry beyond the molecule, a way to develop highly complex systems from
components held together via noncovalent intermolecular bonds.# The roots of
supramolecular chemistry date back to 1894 when Emil Fischer introduced a lock
and key-principle which describes the basic concepts of what later was dubbed
host-guest chemistry, where a molecule (*host’) binds to another molecule
(‘guest’), forming a ‘host-guest’ complex.56

The construction of supramolecular entities and the nature of supra-
molecular chemistry rests on the making and breaking of noncovalent inter-
molecular bonds. These bonds typically have lower energies than covalent bonds,
but more importantly, they are reversible which provides the supramolecular
complex an ability to break and reform again. This is the reason why noncovalent
intermolecular bonds are also referred as weak interactions. This term encom-
passes a large array of different interactions such as Coulombic ion-ion,
ion-dipole, dipole-dipole, and van der Waals interactions, together with n-inter-
actions (cation-r, anion-n and n-nt), the closed shell or metallophilic interactions
and the hydro- or solvophobic interactions.” Along these there is the all-famous
hydrogen and halogen bonding that are also classified under non-covalent inter-
actions. Out of these interactions the ion-based Coulombic interactions are
comparable in strength to covalent bonding and hydrogen bonding is also shown
to occasionally rival that of weak covalent bonding.8°
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Though sometimes classified as an ion-dipole interaction, the coordinative
or dative bond between metal ion and ligand(s) are closer to features of covalent
bonds as they also involve a shared electron pair. Unlike a covalent bond, where
two molecular entities both donate a single electron each, the coordinative bond
is formed when only one of the molecular entities donate both electrons
essentially forming a Lewis acid-base pair.10 These coordination compounds are
often formed via irreversible reactions, whereas classically formed
supramolecular assemblies are typically constructed by reversible reactions. Due
to resulting assemblies obtained via coordinative bonds resembling to that of
classically formed supramolecular assemblies, this has led to the formation of the
growing field of metallosupramolecular chemistry.ll Research in this field is mainly
focused on either infinite one-, two-, or three-dimensional networks known as
metal-organic frameworks (MOFs) or finite assemblies such as cages, capsules,
cylinders or macrocycles known as supramolecular coordination complexes (SCCs)
that usually have polygonal or polyhedral geometries. It is noteworthy that it is
possible to create analogous supramolecular assemblies using different
interactions; for example, a tetrahedron can be obtained either via hydrogen
bonding (HB)!2 (1) or metal coordination!? (2). In addition, Turunen et al. have
recently shown that halogen bonding (XB)* (3) is also applicable interaction
(Figure 1) for making cage-like structures. As noted above, there is a wide range
of different assemblies classified under SCCs, of which this dissertation will
mostly focus on a subsection of SCCs: a cage-like metal-organic polyhedra (MOPS).

FIGURE1  Crystal structures of analogous supramolecular tetrahedrons obtained using
different interactions; 1) HBs via water molecule nodes,!2 2) dative bonds via
Cu'' nodest3 and 3) XBs via iodonium (I*) nodes.!4 Anions, free solvent
molecules and ligand hydrogen atoms are omitted for clarity.
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1.2 Polyhedra

The natural world contains a large number of polyhedral cage-like structures,
such as Ceo-fullerene (truncated icosahedron)!®, icosahedral capsid of human
adeno-virus!® and dodecahedral procapsid of cystovirus ¢67 (Figure 2) to name
afew. In order to design metallo-organic polyhedra, it is important to first define
what a polyhedron is. In geometrical terms, a polyhedron is a three-dimensional
(3D) solid with flat polygonal faces, straight edges and sharp vertices (i.e. corners).
These solids thus represent a concave, finite 3D object with a clearly defined
border between interior and exterior space, and so are excellent models for
designing chemical cages. As there are essentially infinite ways to organize
polygons into different kinds of polyhedra (or polyhedrons), these solids are
classified under unique families, with each family having a different set of rules
that need to be fulfilled to be qualified as a member of that particular family of
polyhedra. To fully utilize these geometrical solids as a starting point for cage
design, it is important to understand how these three-dimensional objects are
constructed from simple straight lines. And so, the simplest solids, the classical
Platonic and Archimedean solids will be described below among other
noteworthy solids.

FIGURE 2  a) Buckminsterfullerene (Ceo), b) schematic representation of the icosahedral
viral capsid (adapted from ref.16 Copyright © 2021 The Authors), and
¢) procapsid of a cystovirus ¢$6 (Image from the RCSB PDB (rcsb.org) of PDB
ID 4BTQ), original publication ref.17
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1.2.1 Platonic solids

A Platonic solid is a regular, three-dimensional convex polyhedron that is made
by arranging polygonal faces in a manner that all edges and vertices are
equivalent.18.19 These polygonal faces are required to be regular i.e. they must be
equiangular (all angles are identical) and equilateral (all sides have the same
length). Additionally, polygonal faces must be congruent (identical shape and
size) and the same number of faces need to be adjoined in each vertex. To achieve
a convex corner required, the sum of the angles around each vertex must be less
than 360°. To achieve this, equilateral triangles can be adjoined in three different
ways, with each vertex containing either three, four, or five polygons. While
equilateral squares and pentagons can be adjoined only in a single manner, with
each vertex containing three polygons, any polygon with six or more sides will
always have a sum angle greater or equal to 360° around each vertex and thus is
unable to form a convex corner alone. The number of Platonic solids is thereby
limited to five possible solids (Figure 3, Table 1): tetrahedron, octahedron and
icosahedron constructed via equilateral triangles, cube via equilateral squares and
dodecahedron via equilateral pentagons.

ANECR v

Tetrahedron Cube Octahedron Dodecahedron Icosahedron

FIGURE 3 The five Platonic solids.

TABLE 1 Platonic solids.

Solid Vertices Edges Faces Face polygon
Tetrahedron 4 6 4 Triangle
Cube 8 12 6 Square
Octahedron 6 12 8 Triangle
Dodecahedron 20 30 12 Pentagon

Icosahedron 12 30 20 Triangle
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1.2.2 Archimedean solids

An Archimedean solid is a semiregular, convex polyhedron made by arranging
regular polygon faces in a manner that all edges and vertices are equivalent.18.19
Unlike Platonic solids, the Archimedean solids are constructed using two or more
different regular polygons and this will increase the number of possible
combinations to 13 (Figure 4, Table 2) which all can be derived from at least one
Platonic solid either by twisting the faces or by truncation of the solid. This also
results in two chiral members, the snub cube and the snub dodecahedron.

LEDODBEY
VOOBOY

FIGURE4  The 13 Archimedean solids: truncated tetrahedron (1), cuboctahedron (2),
truncated cube (3), truncated octahedron (4), rhombicuboctahedron (5), snub
cube (6), icosidodecahedron (7), rhombitruncated cuboctahedron (8), trun-
cated dodecahedron (9), truncated icosahedron (10), rhombicosidodecahedron
(11), snub dodecahedron (12), rhombitruncated icosidodecahedron (13).

TABLE 2 Archimedean solids.

Solid Vv E fs f4 fs fe fg f10
(1) Truncated tetrahedron 12 18 4 - - 4 - -
(2) Cuboctahedron 12 24 8 6 - - - -
(3) Truncated cube 24 36 8 - - - 6 -
(4) Truncated octahedron 24 36 - 6 - 8 - -
(5) Rhombicuboctahedron 24 48 8 18 - - - -
(6) Snub cube 24 60 32 6 - - - -
(7) Icosidodecahedron 30 60 20 - 12 - - -
(8) Rhombitruncated cuboctahedron 48 72 - 18 - 8 6 -
(9) Truncated dodecahedron 60 90 20 - - - - 12
(10) Truncated icosahedron 60 90 - - 12 20 - -
(11) Rhombicosidodecahedron 60 120 20 30 12 - - -
(12) Snub dodecahedron 60 150 80 - 12 - - -
(13)Rhombitruncated icosidodecahedron 120 180 - 30 - 20 - 12

The number of: vertices (V), edges (E) and faces (f,), where n defines the number of sides of the
face (fs: triangle, fa: square, fs: pentagon, fs: hexagon, fg: octagon, fio: decagon)
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1.2.3 Prisms and antiprisms

The two infinite families of convex polyhedra made from regular polygons are
known as prisms and antiprisms.18 In prisms the bases are congruently joined by
n squares joined in corresponding sides of the two n-gon bases and in antiprisms
the bases are related by a twist and connected by an alternating band of 2n
triangles. Unlike in Platonic or Archimedean solids the faces do not have to be
equilateral (Figure 5, Table 3).

TABLE 3 Prisms and antiprisms.

Solid Vertices  Edges Base Faces
Prism 2n 3n 2 n-gons n squares (or rectangles)
Antiprism 2n 6n 2 n-gons 2n triangles

Triangular Square Pentagonal Hexagonal
prism + antiprism prism + antiprism prism + antiprism prism + antiprism

FIGURE 5 Prisms and antiprisms.

1.2.4 Pyramids and bipyramids

The other polyhedra worth mentioning are pyramids and bipyramids (Figure 6),
both of which belong to a family of Johnson solids2° containing a total of 92 solids.
Pyramids are formed by connecting the faces of an n-gon base to a single point,
the apex, while bipyramids have the second apex mirrored on the other side of
the base. Thus each face is a triangle and the number of sides is dependent on the
base of a pyramid or bipyramid.

ZANERATNVANNRUIITA

Square pyramid Square Triangular Trigonal Pentagonal
bipyramid pyramid bipyramid bipyramid

FIGURE 6 Pyramids and bipyramids.



17

1.2.5 Goldberg polyhedra

A relatively new family of solids is the Goldberg polyhedra, first described in
1937, a group of solids consisting of hexagons and pentagons.2!.22 Each Goldberg
polyhedra will always contain 12 pentagons whereas the number of hexagons
can be anything as long as each of the vertices are trivalent and the polyhedron
has rotational symmetry of the icosahedron. This in turn makes Goldberg
polyhedra into a family containing infinite number of solids. The Goldberg
polyhedra is described as GP(a,b), where a and b indicate a ‘60-degree knights
move’ required to ‘travel’ between two pentagons. The simplest one of these is
GP(1,0) where all pentagons are connected with no hexagons present, a solid
better known as a dodecahedron. Similarly, the truncated icosahedron can be
described as GP(1,1). An easy way to visualize these polyhedra is to lay them out
in a 2D-plane as a schematic representation, as shown in Figure 7. GP(7,0) (Figure
7a) requires to move only one direction, whereas GP(2,4) (Figure 7b) requires the
60-degree turn. The Goldberg polyhedra have also been expanded to tri- and
tetravalent systems consisting of squares and triangles.2?2 As an example
schematic representations mirror symmetrical tetravalent Goldberg polyhedra
tet-G(2,4) and tet-G(4,2) are shown in Figures 7c and 7d respectively.

c) d)

= S

tet-G(2,4) tet-G(4,2)

FIGURE 7  a)and b) Schematic representation of classical Goldberg polyhedra,
¢) and d) schematic representation of tetravalent Goldberg polyhedra.
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2 DESIGN METHODOLOGIES

2.1 Metal nodes

Metals are an integral part of metallosupramolecular chemistry and the metals
used in the synthesis of MOPs are typically transition metals, which according to
the Gold Book of IUPAC (International Union of Pure and Applied Chemistry)0
are elements whose atom has an incomplete d sub-shell, or which can give rise to
cations with an incomplete d sub-shell. This encompasses groups 3-12 with
platinum and palladium being the most prevalently used metals. Also, a few
examples of post-transition metal (e.g. Al, Ga, Sn) and silicon (Si) based structures
exist. Transition metals are preferred due to their known coordination geometry,
usually binding preferences of either 4 or 6 ligands, and thus forming predictable
structures with various ligands. Key features of metal nodes will be discussed
below.

2.1.1 Electronic configuration of metal node

Electronic configuration depicts the number and distribution of electrons
residing on an atom taking the oxidation state into account. When it comes to the
transition metals, the outermost electron shell and d-electrons from previous
electron shell are taken into account in chemical bonding. The remaining
electrons are considered to act as core electrons not participating in bonding and
can be described with an electronic configuration of preceding noble gas,2* for
example Cu: 1522522p63s23p3d104sl or [Ar]3d104sl. Since the metals used in MOP
synthesis are essentially always positively charged, i.e. cations, the electron
configuration is further reduced to include only the electrons from the outermost
d-orbital, for example electron configuration for Cu?* cation is [Ar]3d°. The
transition metals can thus be described as dn (n = 1-10) metals depending on their
electronic configuration.
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2.1.2 Coordination geometry

In a vacuum the five d-orbitals of a free atom, shown in Figure 8a, are
degenerated in energy but when a coordination complex is formed the atom is
surrounded by ligands, which leads to a collapse of orbital degeneration as the
d-orbitals interact with the ligands. Crystal field theory?> describes the collapse
of degeneration by treating the ligand lone pairs as negative point charges
located around positively charged metal atom repelling the metal ions
d-electrons; on an assumption of purely ionic metal-ligand interactions. The
orbitals are then filled with electrons, the number of which is dependent on metal
Iin question, starting from the lowest in energy.

The three most relevant geometries for the perspective of this thesis are
octahedral, square-planar and tetrahedral, of which the first two are the most
conventional motif found in MOPSs. The approximations of d-orbital diagrams are
depicted in Figure 8b. For the boundary surfaces, it is assumed that all ligands
are identical and all M-L -distances are identical, which in reality is not often true.
The diagrams also do not take the repulsion of d-electrons into account.26

a) V4 Z X X Z
X y y y y
X
dyz dyz dxy dy2 -y? d,z

b) E
dyz_y2
dzz,dxz_yz
dxy dxy: dxz: dyz
d,2 -
—_——— -_— dzz,dxz_yz
dxyl dx21 dyz d_ d_
L Xz)*yz
= L L
————— Ll:a,..,,l‘,\mL Lo, oL |
RS '~ M
It | L [k L O\
L L
Free atom Octahedral Square-planar Tetrahedral

FIGURE 8 a) The five d-orbital diagrams, b) splitting of d-orbitals in energy in case of
octahedral, square planar and tetrahedral complexes according to crystal field
theory.
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The characteristic features of splitting of a particular d-orbital are affected
by the specific properties of the ligands, nature of metal ion and its oxidation
state. For a more detailed description of the bonding occurring between ligands
and the metal center, ligand field theory?’ can be used as it combines both crystal
field and molecular orbital theories. However, the somewhat rudimentary
models of the crystal field orbital splitting theory are sufficiently representative
for the dissertation. It is noteworthy to mention that the reason why Pd'' and Pt"
complexes are square-planar is due to that a d® configuration, coupled with a
strong crystal field, favors the formation of square-planar complexes. The
tendency of this is enhanced with the 4d and 5d transition metal ions because of
their larger ion size and thus greater ease of electron pairing.

2.1.3 Unprotected vs. protected metal nodes

Unprotected or ‘naked’ metal nodes are metal ions obtained from metal salts such
as FeCls, Cu(OTf)2 or Pd(BF4)2(MeCN)s, i.e. metal compounds containing only
poorly coordinating counter anions and possible complexed solvent
molecules. These metal nodes have all their coordination sites available for
complexation with only restricting factors being the steric hindrance of a targeted
ligand or potential interactions with solvent molecules instead of the targeted
ligands, as well as overly coordinating anions not releasing the metal center for
complexation. In order to obtain finite and concave three-dimensional assemblies
sometimes it is necessary to restrict the coordination geometry of a metal node,
as using unprotected metal ions is not always favorable. The metal coordination
restriction technique is particularly necessary when attempting to create MOPs
using ligands that would otherwise lead to the formation of infinite networks
when unprotected metal nodes are used in complexation. Commonly this is done
by capping two of the coordination sites of a square-planar geometry-favoring
metal ion with a chelating secondary ligand, such as 2,2’-bipyridine (2,2’-bpy),
1,2-ethylenediamine (en) or its derivatives (Figure 9). Bulky groups such as
triethylphosphine (PEt3) can also be used to obtain cis-protected metal nodes that
will act as a 90° corner piece in the complexation of cage-like structures. It should
also be noted that with secondary ligands the binding to the metal center needs
to be stronger than that of the primary ligands. Otherwise, primary ligands may
replace protecting groups during complexation, thereby negating their capping
function.

i \ —nN N— /—\ \—/ Et;R_ PEt
HzN\M NH, /N\M/N\ N\M/N 3 3
A/ \A A/ \A A/ \A A/ \A

FIGURE9  Examples of cis-protected metal nodes, where M is either Pt'' or Pd" and A
represents anion such as nitrate (NO3z"), triflate (OTf") or halide (usually CI").
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An example of MOP utilizing capped octahedral metal node is Ru'-based
cube (4) reported by Roche et al2 This cube is formed when
[([9]aneS3)Ru(DMSO)CI2] is reacted with excess 4,4’-bipyridine (4,4’-bpy, N1) in
solution for a few weeks as the exchange rates of DMSO and chlorides are slow.
As the ([9]aneSs3) acts a fac-capping secondary ligand, thereby occupying three of
the Ru'"' octahedral coordination sites, the remaining three coordination sites of
the cube are occupied by three 4,4’-bipyridines all at about 90° angle with the
respect to each other (Scheme 1). Albeit Roche et al. were unable to crystallize the
cube itself, they manage to obtain crystal structure of a corner, namely,
[([9]aneSs)Ru(4,4’-bpy)s](PFs)2, showing that the 4,4’-bipyridines are indeed ~ 90°
angle with the respect to each other.

O_| 16+

N
— \_/ 3:2 ratio

([9]aneS3)Ru(DMSO)CI,

[9laneS; = &

SCHEME 1 Formation of metallosupramolecular MsL 1, positively charged (16+) cube.

Stang’s group has utilized a series of organoplatinum compounds as metal
nodes for various caged (Figure 10). Examined compounds are something of a
hybrid between a ligand and a protected metal node, where the platinum is
directly bonded to an organic linker and its coordination geometry is further
restricted using either PEts or triphenylphosphine (PPhs) groups. Depending on
the organic linker, the binding angle of metal is 0°, 60°, 120°, or 180° and the
nodes are either bi- or tridentate. These ‘nodes’ have been employed for the
creation of truncated tetrahedral,2® cuboctahedron,’® dodecahedron3! and
trigonal prisms.32
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FIGURE 10 Examples of organoplatinum metal nodes.

2.2 General design principles of ligands

In principle, there are essentially limitless number of different ligands that can
potentially be used for obtaining MOPs by reacting the targeted ligands with
metal nodes. Thus, some general requirements for ligands need to be
accomplished to successfully obtain MOPs more systematically.

Firstly, the ligand must act as a Lewis base. As the coordinative bond is
based on Lewis acid-base theory, and the metal node is acting as a Lewis acid this
naturally means that ligand must then acts as Lewis base; i.e. ligand must contain
a free electron pair that acts as a metal binding site. This means that even though
pure hydrocarbon ligand can form complexes with metals, for example Pt!
complex with 1,5-cyclooctadiene33, they are generally not suitable for creating
MOPs. Instead, the ligand needs to contain heteroatoms that act as a binding site,
and essentially all ligands used in the construction of MOPs contain either
nitrogen or oxygen atoms. When nitrogen acts as a binding site, the ligand is an
N-donor, and O-donor when oxygen acts as a binding site. Alternatively, ligand
can also contain both, for example in case of isonicotinic acid. In the MOP
synthesis, the N-donor-based ligands are more prevalent than O-donor-based
ligands.

Secondly, the ligand must be at least ditopic i.e. contain at least two binding
sites, as ligand with a single site would act as a termination point instead of
providing a continuous structure, and so ligands, such as phenylpyridine are
thus excluded from suitable ligand candidates (Figure 11). Depending on the
type of structure sought (see Section 3), the ligands in MOP synthesis typically
contain 2, 3, 4 or 6 binding sites in a single ligand. To achieve continuous
extended network of M—-L -interactions the ligands must be overall nonchelating,
which is the last requirement for suitable ligands.
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According to the definition by IUPACIO, chelation occurs when two or more
separate binding sites within the same ligand form bonds to a single central atom.
Meaning that the binding sites are converging to a single node instead of
diverging into separate ones.34 In a similar fashion to the previous requirement,
if all binding sites coordinate to a single metal node this will again act as a
termination point. For example, even though ligands such as terpyridine and
2,2’-bipyridine fulfill the previous two requirements, the binding sites in these
molecules are typically converging to a single point as shown in Figure 11. The
ligand can contain chelating sites as long as there are at least two separate
diverging sites binding to different metal nodes. Although fully chelating ligands
are excluded from being suitable ligand candidates for MOP synthesis it does not
mean that these ligands are unusable; as mentioned previously, bi- and tridentate
converging ligands can be used as secondary ligands to partially restrict the
coordination geometry of a metal node.

Phenylpyridine 2,2’-bipyridine Terpyridine
— K0 W
\ /

FIGURE 11 Different binding orientations of terminating N-donor ligands.

One occasionally overlooked aspect of ligands is their charge. Majority of
the ligands used to form MOPs, and SCCs in general, are charge-neutral,
minority are anionic, and the fraction of the ligands are cationic by the nature.
The net charge of a complex is the combination of the individual charges of the
ligands and the metal nodes; using neutral or cationic ligands yield cationic or
super-cationic complexes whereas using anionic ligands usually yields either
neutral or anionic complexes. Examples of these kinds of ligands and structures
are shown in Chapter 5.
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2.2.1 O-donor-based ligands

O-donor-based ligands are commonly based on either carboxylate or hydroxyl
groups and contain two electron pairs per O-atom to form the metal coordination.
The anionic nature of O-donor-based ligands acts as a counterbalance to cationic
metal nodes used, so it is possible to obtain assemblies with no counterions.
Carboxylates typically come in three different binding modes: monodentate,
bidentate (chelate) and bridge, represented in Figure 12. These alternative modes
of binding make carboxylate ligands somewhat more unpredictable in their use
than the N-donor-based ligands. Carboxylates can occasionally form a
M2(O2CR)4(Ax)2 paddlewheel unit with unprotected metal ions as shown in
Figure 12. The axial positions (Ax) of metal ions can either be empty, occupied by
coordinated solvents, the very same ligand in monodentate binding mode, or
bonded to a secondary ligand depending on the system. This paddlewheel unit,
classified as a secondary building unit (SBU), can be utilized as a rigid planar
four-connected node for building SCCs. Another attractive property of the
paddlewheel is that the node unit itself is always of charge neutral when paired
with M metal salts. As O-donor ligands are rarer than N-donor-ligands when it
comes to creating MOPs, some examples of O-donor-based ligands and MOPs
will be now examined below.

A, 0 R
o0—M o) O—M — O
S SR GRS CA LN
o] —M —M
R
monodentate bidentate bridge paddlewheel unit

FIGURE 12 Carboxylate group binding modes and paddlewheel unit. R = organic group,
M = metal; Ax = any secondary binding unit (O- or N-donor, solvent).

Obtaining the paddlewheel unit by using linear bidentate or planar
tridentate ligand will ultimately result infinite structures (MOFs). For example,
1,4-benzenedicarboxylic acid [H2(1,4-bdc)] O1 paired with Zn'" forms a
two-dimensional MOF [Zn(bdc)(H20)]» and 1,3,5-benzenetricarboxylic acid
(Hsbtc) O2 paired with Cu'' forms a three-dimensional MOF [Cus(btc)2(H20)3]n,
structures more commonly termed as MOF-23% and HKUST-136 respectively
(Scheme 2). Therefore, a bend ligand is preferred to promote the formation of
finite assemblies when utilizing the paddlewheel binding motif.
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Oy _OH
Zn(NO3),
- = MOF-2
DMF
07 OH
01
OH
Cu(NO3),
HKUST-1
HO 0 1:1 H,0:EtOH
o] OH
02

SCHEME 2 General formation of MOF-2 and HKUST-1. Free solvent molecules are
omitted for clarity.

This has been achieved by groups such as Yaghis’, Zaworotko38, Bloch39.40
and Zhou#-45 by reacting various Cu'l, Ni'", Mo', Cr" and Ru'" salts in either
solvothermal or ambient conditions with O-donors based on 1,3-benzene-
dicarboxylate acid [H2(1,3-bdc)] O3a and 9H-3,6-carbazoledicarboxylic acid
[H2(9H-3,6-cdc)] O4a with the respectively 5- and 9- positions functionalized
derivatives of these acids. The MOPs obtained by the aforesaid ligands were
[M2(cdc)2]s cube 5 and [M2(bdc).]12 cuboctahedron 6 (Scheme 3). Also [M:L2]2
type of micro cage 7 and [M:zL:]z prism 8 were prepared by them using different
carboxylate ligands O5 and O6 with 0° and 60° bend angles (Scheme 3)#4. Li et al.
were also able to obtain two hendecahedra, an solid with 11 faces and 9 vertices,
using a mixture of 120° and 90° bend angle O-donor ligands.# It is also possible
to convert a finite MOP structure into an infinite MOF structure by replacing the
solvents on axial positions with linear linker such as 4,4’-bpy.*3 Using bend
ligands does not, however, guarantee that the forming assembly is a MOP, as
noted by Bloch.39 Reacting Ni'' and Co" salts with H-bdc (O3a), Bu-bdc (O3c),
Me-bdc (O3e), OEt-bdc (O3f) as well as O4a in solvothermal conditions yielded
2- and 3-dimensional MOFs whereas reacting the same salts with OH-bdc (O3b)
and iPr-cdc (O4b) produced cages analogous of 5 and 6. This shows that the
R-groups, at least partly, guide the formation to either MOF or MOP.
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Preparation schemes for carboxylate-based MOPs. Only R = H is shown on
each structure. NMP: N-methyl-2-pyrrolidone, DMA: dimethylacetamide. All
solvent molecules, including those coordinated on paddlewheel units are

omitted for clarity.
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A small number of anionic MOPs have been created by Raymond’s group
utilizing O-donor ligands with catechol (1,2-hydroxybenzene) functionality.46-50
In alkaline conditions the hydroxyl groups of the neutral catechol group undergo
deprotonation to form an anionic catecholate (charge of 2-), and this in turn gives
ditopic ligands O7-8 negative charges of 4-, and 6- for tritopic ligand O09.
Reacting these ligands with transition metals (Fe, Ti), post-transition metals
(Ga, Sn) and even with silicon (Si) will give rise to MsLs like tetrahedrons 9 and
10 for O7 and O8, and MgsL4 like tetrahedron 11 for O9, respectively (Scheme 4).
As the ligand possesses a negative charge, the overall net charge for the cage is
dependent on the charge of the metal node. Thus, in the case of Ga''! or Fe!" the
net charge for the formed cage is 12—, and with Ti'V, Sn'V or Si'V the net charge for
the formed cage is 8-. The negative charge is then balanced solely by or a mixture
of endo- and exohedral Na*, K+ and/or RsN* cations.

o "] 12-ors
Ga(acac); or Fe(acac); O
with KOH H

or

Si(OMe), 10
TI((())I;’I’)4 o o O

/

or SnCI4 NH

3
e B
oty T gl

SCHEME 4 Preparation of anionic MOPs that are based on catechol subgroup.
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Clegg et al 5152 have created neutral MsLe tetrahedrons using ligands based
on bis-p-diketones together with FeCls or GaCls in THF solution (Scheme 5).
Ligands have two aryl-linked 1,3-diketone groups that act similarly to
acetylacetone (acacH) and the doubly deprotonated ligands bind to metal nodes
so that some of the ligands have their bis-g-diketonato groups in approximate
trans-arrangements and some in cis-arrangements in order to obtain octahedral
geometry. Using phenylene-linked ligand O10 paired with either Ga''! or Fe'll
under alkaline conditions yielded cage 12 which was shown to encapsulate one
tetrahydrofuran (THF) molecule. Increasing the length of the ligand by using
biphenylene-linked ligand O11, paired with Fe'" under alkaline conditions,
yielded cage 13 which encapsulated four THF molecules. Essentially by
switching the linker from phenylene to diphenylene the interior volume of the
cage has increased almost fivefold.

GaCl; or FeCly
with NaHCO; or Na,CO;

THF

a: R=Me
b: R=Et
c:R=Pr

O10a-c

FeCl;
with Na,CO3

THF

13

SCHEME 5 Preparation of neutral tetrahedrons, based on bis-f-diketones.
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2.2.2 N-donor-based ligands

N-donor-based ligands are typically based on heterocyclic compounds or mixed
imine-heterocyclic compounds, of which the most widely used N-containing
ligands are based on pyridine or imidazole derivatives. Both moieties offer a
single electron pair for coordination which is parallel with planar molecular
fragment. With a single pyridyl group in an organic ligand R, three different
coordination bond orientations (ortho, meta or para) with bend angles of 60°, 120°
and 180° respectively can be afforded depending on the location of the
nitrogen atom in ring with respect to the organic group as shown in figure 13a.
Expanding this to bipyridine, six isomers can be achieved with bend angles
ranging from 0-180° and the distance between N-atoms varying from ~2.7 to
~7.1 A with the only chelating ligand being 2,2’-bipyridine (Figure 13b).53 Adding
an organic linkers such as benzene, furan, thiophene or something chemically
more complex between the two pyridyl groups will further increase variation in
the bend angle and N--N distance. In that sense simply using two pyridyl-groups
linked with an organic intermediate unit already yields an enormous number of
potentially viable ligands to be used in MOP synthesis. Furthermore, if the
N-donor -group is bound to an organic linker via CHz-bridge, even wider range
of conformational freedom of the ligand can be achieved depending on the
number of methylene joints in the bridging unit. Since N-donor-based ligands
are the most widely used ligands in the synthesis of MOPs, the ligands discussed
in more detail in Chapter 3.

N=— —N —

ortho meta para
O O O«
4,4’-bipyridine 3,4’-bipyridine 2,4’-bipyridine
/
" \= 7 \ ¢ L/
2,2’-bipyridine 2,3’-bipyridine 3,3’-bipyridine

FIGURE 13 a) Single R-substituted pyridine isomers, b) six bipyridine isomers.
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3 SELF-ASSEMBLY OF COORDINATION CAGES

Self-assembly, is a process where in favorable conditions molecules or ions
spontaneously arrange to form larger assemblies, can occur naturally among
compounds or it can be induced by the design of targeted compounds.>* As the
number of interacting components increases, the number of possible products
also increases. To increase the chance of affording the desired result, the number
of possible alternative outcomes can be limited for instance by controlling the
reaction parameters (e.g. pH-value, temperature, or solvent environment) or
pre-designing starting materials to be more appropriate for desired outcome e.g.
by adding bulky protecting groups to narrow possible angles. As has already
been pointed out, SCCs show concave finite structures, thus ruling out infinite
MOFs, are discrete, closed and either 2D (polygonal) or 3D (polyhedral)
assemblies usually resembling well-known geometric shapes.>> As such they can
be formed by mimicking the characteristics of their geometrical counterparts.
With proper design or selection of metal ions and ligand precursors and mixing
them in suitable solvent and favorable reaction conditions, they will
spontaneously form metal-ligand bonds and eventually self-assemble to a single
product. There are a few different approaches to make SCCs resembling
polyhedra but, in the scope of this dissertation the plausible pathways to acquire
MOPs are considered as follows:

1. Two-component systems, involving a single type of ligand and a single
type of a metal node self-assembling into a MOP.

2. Multicomponent systems, involving two or more different ligands inter-
acting with a single type of metal node.

3. Subcomponent systems, which involve the simultaneous formation of the
ligand and the complex (one pot system).
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The two-component systems can be further separated into two sub-techniques;
edge-directed or face-directed approaches. The edge-directed approach typically
utilizes convergent ligands jointly with divergent metal nodes, so that the ligands
typically take the role of a polyhedral shaping, thus connecting the metal nodes
located at the vertices. Whereas the face-directed approach usually utilizes
divergent ligands in conjunction with protected convergent metal nodes, so that
the ligands act as face units for the polyhedral shape. The latter approach is also
referred as molecular paneling, a term coined by prof. Makoto Fujitas65” whose
group has done tremendous work in the field of SCCs for the last couple of
decades. Of the assemblies shown previously, structures 1-3 (p.12) and 11 (p.27)
represent face-directed approach whereas structures 4-10 (pp.21, 26-27) with
12-13 (p.28) exemplify edge-directed approach. In the following sections, further
examples involving different approaches will be discussed.

In classical supramolecular assemblies involving multiple noncovalent
interactions (representing the second pathway), the kinetic factors start to play a
key role in determining the outcome of the self-assembling processes.>® In these
systems due to competing interactions the self-assembled structure can be lead
to be Kkinetically trapped in a local minimum rather than achieving
thermodynamic equilibrium state. The two states are separated by an energy
barrier and so it is possible to switch between two energy states with external
stimuli, for example by heat (Figure 14). Kinetic traps are more commonly found
in biochemistry regarding the folding of proteins.>® Usually long reaction time,
high temperature and low concentration favors the thermodynamic state
whereas short reaction time, low temperature and high concentration favor the
kinetically trapped states.

Potential energy

Intermolecular distance

FIGURE 14 General depiction of the energy landscape of Kinetic traps (blue) vs. thermo-
dynamic equilibrium state (red). The dotted arrow represents an external
stimulus that cause the transition between the two states.
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Though Kinetic trapping is more common in classical supramolecular
assemblies, Fujita et al. were able to show that kinetic trapping can also play a
part in metallosupramolecular assemblies.® By reacting ligand N2 with Pd(BFa).
to form MaoLo4 cuboctahedron 14 (Scheme 6) and tracing the self-assembly by
time-dependent NMR spectroscopy and mass spectroscopy they were able to
identify two metastable intermediates: the short-lived MsLis and the relatively
long-lived Mol 1s. Heating a mixture containing both intermediates for 1 h at 60 °C
caused the NMR-peaks of Mgl to disappear and additional heating for 6 h at
80 °C caused the NMR signals of MgL1s to disappear as well as verifying that
these compounds are indeed kinetically trapped intermediates and are not side
products. Using a ligand N3, similar to N2 but with a smaller bend angle, they
were able to crystallize the MgL1s intermediate 15 (Scheme 6).

N|)§N Pd(BF,)2
= —_—
SN AN
| N DMSO
N~ N
N2
| N Pd(BF,),
B N7 | S
N N DMSO
N3

15

SCHEME 6 Preparation of MizL24 cuboctahedron 14 and ML s intermediate 15. Anions
and solvent molecules were omitted for clarity.
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3.1 Two-component systems

3.1.1 Cavitand-based systems

FIGURE 15 Structures of a) calix[4]arene and b) [4]resorcinarene molecules.

Cavitands, such as calix[4]arenes and [4]resorcinarenes (Figure 15), are rigid
concave organic molecules with the permanent and intrinsic cavities usable for
molecular recognition, and are widely used in classical supramolecular
chemistry to from host-guest complexes and hydrogen bonded cages. The first
metal-induced cavitand-based cages were reported in 1997 by Jacopozzi et al.t!
and those structures were obtained by using methylene-bridged tetracyano-
cavitands N4a and N4c paired with cis-protected Pd" or Pt!' salts (Scheme 7). The
reported assemblies were [MyL]8* type structures in which one of the eight
counter anions were encapsulated inside the structural cavity, and it was later
shown that this cavity has an affinity to bind different anions with a selectivity
trend of BFs~ > OTf > PF¢ .62 The size of the internal cavity can be increased by
changing the cyano groups to a pyridine-based groups or by adding an organic
linker between the cyano group and the calixarene ring as was done by
Kobayashi et al.e3 or by switching the group to a bipyridine-based group as
reported by Haino et al.64 Mainly these structures have been characterized by
NMR and mass spectrometry (MS) but the structure 16 obtained using ligand
N4c has been characterized by single crystal X-ray diffraction. Similar assemblies
can be obtained by functionalizing the bridge between the hydroxyl-groups
instead of the resorcinarene itself, as shown by Dalcanale’s group.6566 Using
pyridine as the N-donor, the obtained structure had an internal cavity size of
840 A3 whereas using a longer N-donor 4-tolylpyridine, the cavity had an internal
size of 1800 A3. Both of these structures have been characterized using X-ray
diffraction and cage 17 obtained using N9c is shown in Scheme 7.
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a. R4 = C6H13
b: Ry =CyHzs
c: Ry = CH,CH,Ph

17
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SCHEME 7 Preparation of MsL, cavitand-based assemblies 16 and 17. For 16 ligand N4c
and for 17 ligand N9c are shown. Rz and R4-groups, anions, solvent molecules
and protecting groups of metal nodes have been omitted for clarity.
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3.1.2 Edge-directed approach: directional bonding

Ward’s group has utilized ligands containing chelating pyrazolyl-pyridine
binding sites connected by an organic linker.67-6° These ligands have CH»-bridge
connecting the two pyrazolyl-pyridine arms to the organic linker adding further
flexibility to the ligand. Reacting ligand N11 with cobalt(l1) acetate, followed by
addition of NaBFs led to the formation of [Cos(N11)s](BF4)s tetrahedron 18
(Scheme 8). In this structure the ligands ‘twirl’ around the edges of the
tetrahedron and individual ligands are interacting via n—n stacking occurring
between the aromatic rings. Analogous structure was also obtained by changing
the organic linker from 1,2-phenyl to 2,3-naphthyl and reacting that ligand (N12)
with cobalt(ll) acetate, followed by the addition of sodium tetrafluoroborate or
perchlorate leading to the formation of [Cos(N12)s](BFs)s 19 and
[C04(N12)6](ClO4)s 19" respectively. Switching the organic linker to pyridyl and
reacting this ligand (N13) with zinc(ll) acetate in 3:2 ratio followed by addition
of sodium perchlorate lead to the formation of [Zng(N13)12](ClO4)1s cube 20
(Scheme 9). Similarly to tetrahedrons, the ligands twirl around the edges of the
cube, which is slightly skewed. In all these structures one of the anions is
encapsulated inside the structure and it is presumed that the formation of the
structures themselves are formed by the anion-directed template effect.
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SCHEME 8 Formation of [Co4(N4)s](BF4)s tetrahedron.
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SCHEME 9 Preparation of [Zng(N20)12](ClO4)16 cube-like assembly.

Fundamental and thorough research has been done by Fujita and co-
workers utilizing bent bidentate bis(pyridine) ligands and unprotected metal
ions in order to create Platonic and Archimedean MnL2n assemblies. So far they
have managed to create several MsL127°, M12L24t and M2slsg?2-74 assemblies along
with the currently largest of MnL2n assemblies MzoLeo”™ and Maglgs.”6 It was found
that the bend angle (0) of the ligand is the key factor determining what sort of
assembly is produced. Using a ligand such as N14 (6 = 90°) with unprotected Pd"
ions, a MgL1> cube 21 can be obtained in which the metal node resides in the
middle of each face and ligands acts as a corner as shown in Scheme 10.70

Pd(NO;),
M:L = 6:12

DMSO

SCHEME 10 Preparation Pds(N14):» cube. Anions and solvent molecules are omitted for
clarity.
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A more elegant example of how the bend angle affects the formation of the
polyhedra is the work done by Tominaga et al., where they showed how a change
in bend angle can drastically change the composition of the formed polyhedra.
For MnL2n types of Archimedean solids, the ideal edge angles (8) are 120° for
cuboctahedron (Mai2L24) and 135° for rhombicuboctahedron (Maslas). The first
M1oL 24 structures obtained were made using ligands N15 (8 = 127°), N16 and N17
(6 = 120°), and it was shown that extending the ligand length did not affect the
polyhedron formation as long as the correct bend angle remained intact.”? Later
this was further shown to be true by creating a sphere-within-sphere 22 using
dual ligand N18 with 6 = 120° connected via triethylene glycol (TEG) chain
(Scheme 11).77 To further investigate the principle, an Maslsg structure was
obtained using substituted thiophene-based ligands N19a-c (6 = 149°) followed
by a series of experiments where ligands N15 and N19c were mixed
sequentially from 1:9 to 9:1 ratio, in order to vary the average bend angle.”
Interestingly M2sL4g formed exclusively until the ratio of N19¢c:N15 was 1:4 and
afterward only MiL2s formed. This switch threshold corresponded to an
average bend angle between 131° and 134°, which in turn suggested that a ligand
with a bend angle higher than this threshold should form MasLss complex and a
ligand with a bend angle lower than the threshold would form MuL2s complex.
To confirm this, a series of ligands with varying bend angles were prepared and
complexed with Pd'" metal nodes, and it was shown that ligands N20-N22
(0 = 135° 143° and 147° respectively) all formed purely Moslsg assembly
exclusively, proofing that the threshold lies between 131-134°.73 This was further
shown to be true using ligands N23 (6 = 130°) and N24 (0 = 134°) that still formed
exclusively Muplos and Maslsg assemblies respectively.’s Preparation of
cuboctahedra Mi2L24 and rhombicuboctahedra Maslag are presented in Scheme
12.

Pd(OTf),
M:L =24:24
B ——
DMSO

N18

SCHEME 11 Preparation of sphere-within-sphere 22. Anions and solvent molecules are
omitted for clarity. TEG chains were not modelled due to high degree of
disorder.
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SCHEME 12 Preparations of analogous MaiLxs and Maslas assemblies, only structures
obtained using ligands N16 and N19c are shown. Anions and solvent
molecules are omitted for clarity.
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The next logical step for Fujita’s group was to design MzoLeo complex but as
was previously discovered, thiophene-based ligands N19 still formed Moslag
assemblies despite the bend angle (8 = 149°) being close to the ideal angle of 150°
for icosidodecahedron (MsoLeo). This is suggested that when n > 24 the effect of
kinetic trapping becomes dominant. So to bring the trapped structure out from
the local minimum, the solution of N19a and Pd(NO3)> was heated at 70°C for 12
hours in order to turn the kinetic product M2sL4g into a thermodynamic product
MazoLeo. However, prolonged heating led to a mixture of both MaslLsg and MzoLeo,
thus not further affecting the initial ratio of the products. Therefore a new more
flexible ligand with longer spacers N25 was synthesized and reacted with
[Pd(MeCN)4](BF4)2 to obtain MaoLeo icosidodecahedron 23 as shown in Scheme
13. The cage has an impressive interior volume of 157 000 A3 and an exterior
diameter of 8.2 nm.”
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SCHEME 13 The formation of MgslLgo icosidodecahedron. Anions and solvent molecules are
omitted for clarity whereas hydrogen atoms were not included in the model.
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On their ongoing quest to design and create larger and larger MnlL2n
assemblies Fujita et al. managed to create two assemblies of previously
unreported convex polyhedra, namely MaoLeo tet-G(2,1) (24) and MasLos tet-G(2,2)
(25) tetravalent Goldberg polyhedrons (Scheme 14).76 Utilizing a selenophene-
based bidentate ligand N26 with a bend angle of 152° together with naked Pd!"
metal node, the two polyhedrons were obtained as an undetermined ratio when
the reaction mixture was heated for 48 hours at 70 °C. As complex 24 is also
obtained at room temperature, it is presumed that 24 is a kinetically trapped
product, which upon heating is partly turned into thermodynamic product 25
(minor product). This was also the first time that tetravalent Goldberg polyhedra
had been reported on a molecular level, opening the way to obtain more such
assemblies in the future.

— 24
product
Pd(BF),
M:L = 30:60
DMF
70°C,48 h
Minor 25

product

SCHEME 14 The formation of MsgLeo (24) and MaslLes (25) Goldberg polyhedra. Anions are
omitted for clarity whereas hydrogen atoms and solvent molecules were not
included in the model.
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3.1.3 Face-directed approach: molecular paneling

In 1995 Fujita et al. treated tridentate ligand N27 with cis-protected corner
[Pd(en)](NOs3)2 in 2:3 ratio to obtain a MeL4 open octahedron 26.78 In this assembly
protected Pd'' nodes act as vertices of the octahedron and tridentate ligands act
as triangular panels covering half of the eight faces of the octahedron in such a
manner that every alternating face of the octahedron either has a molecular panel
or vacancy (Scheme 15). the analogous structure has also been obtained using
[Pt(en)](NOs)2 instead of [Pd(en)](NOs)..”® Similarly, extended cages were
obtained by adding phenylene (N28) or bisphenylene (N29) spacers between
triazine core and pyridine arms, although their crystal structures could not be
verified, as X-ray diffraction suitable crystals were not obtained.”® With both Pd
and Pt cages, the formation and stability of the cage was enhanced when a
hydrophobic anion, 1-adamantanecarboxylate, was introduced to the system and
in fact crystals of 26 suitable for X-ray diffraction were not obtained without the
anionic guest. Analogous structures have since been obtained utilizing
2,2’-bpy 27, 1,10-phenanthroline (phen) 28 and even bulkier 2,9-dimesityl-1,10-
phenanthroline (dmesp) 29 protected Pd" corners (Scheme 16). These systems
were able to encapsulate neutral guests, such as diphenyl-methane, o-carborane,
1-adamantanol and tetraphenylsilane.8%81 It has also been possible to obtain an
adamantanoid (H20)1o cluster within the hydrophobic cavitys2. Recently Cai et al.
linked two N27 ligands together with a p-xylene linker (N30) and paired it with
2,2’-bpy protected Pd" corner, yielding ML, structure 30 which resembles
structure 22 but has an 82% larger interior capable of encapsulating large
polyoxometallates (Scheme 17).83
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SCHEME 15 Assembly of MsLs open octahedron from triangular panels, only [Pds(N27)4]
26 is shown. Hydrogen atoms and solvent molecules were not included in the
model while anions are omitted for clarity.
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SCHEME 16 Assembly of Mg(N27)s open octahedron using bulky cis-protecting groups,
only dmesp structure is shown with Pde(N27), presented in spacefill and
dmesp in ball and stick. Anions are omitted for clarity.
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SCHEME 17 Assembly of M4L, open octahedron 30. Anions are omitted for clarity.
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Slightly modifying the ligand N27 by switching the orientation of pyridyl
groups from para- to meta-substitution, and pairing this new ligand N31 with
[Pd(en)]?* corner, yielded an MeLs square pyramid 31 with an open apex, as
shown in scheme 18.84 In this structure, one of the pyridyl arms rotates in the way
that instead of binding on all sides of the triangle, the binding only occurs on two
sides. Later it was shown that this assembly could encapsulate terphenyl quests
in aqueous solution by forming a dimeric capsule, and thus creating a hydro-
phobic cavity for the neutral hydrocarbon guests to reside in.8&> Hexadentate
ligand N32, utilizing benzene core and 3,5-pyrimidal arms paired with [Pd(en)]?*
corner provided a MisLe trigonal bipyramidal structure of 32 as shown in Scheme
18.86 Similar structure MisLe 33 was also obtained by using a ligand containing
two pyramidal arms and one pyridine arm in a benzene core (Scheme 19).87 This
change essentially created three openings to the structure, allowing thus
encapsulation of small guest, such as CBrs and CHCl.
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= P
L 2
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SCHEME 18 Assembly of MsLs square pyramid 31 and Misls trigonal bipyramid 32.
Anions and solvent molecules were omitted for clarity while hydrogen atoms
were not included in the models.
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SCHEME 19 Assembly of MisLs trigonal bipyramid 33. Anions and solvent molecules are
omitted for clarity.

Switching from triangular panels to rectangular panels by using a tetra-
dentate ligand N34 with [Pd(en)]?* corners, Yamanoi et al. obtained a dynamic
library of different box structures according to both NMR and MS studies.88 From
this mixture a triangular box 34 was isolated using a biphenyl (Ph) template, as
34 would form around two biphenyl molecules resulting in a clathrated 34-2(Phy)
structure. Crystallization by slow vapor diffusion instead yielded rectangular
box 35, shown in Scheme 20. Dissolving extracted clathrate of 34, would liberate
biphenyl molecules and the structure would reorganize to 35 through pentameric
intermediate according to NMR studies.

_|12+
Q Q
I 34
Q Q
[\
HN,  NH;
Pd =
O,NO° ©ONO,
—|16+
N34 Q 9 35
Q Q

SCHEME 20 Formation of MeLs triangular box 34 and MgL4 rectangle box 35.
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With different tetradentate ligands, a series of MLz trigonal prisms has
been obtained by Fuijita et al.8® by treating zinc(ll) tetrakis(3-pyridyl)porphyrin
N35 with [Pd(en)]?* corners (36). Similarly, Caskey et al.?° used various extended
ligands N36-N38 paired with trimethylphosphine protected [Pt(PMes).]%*
corners (37-39), as presented in Scheme 21. Unlike in the case of the ligand N34
these structures were not part of dynamic equilibrium and were formed without
template assistance. Bar et al.1 on the other hand have obtained an Mi2Ls Open
hexagonal prism 40, shown in Figure 16, by treating tetrakis(4-pyridyl)porphyrin
(N39)  with 1,1’-bis(diphenylphosphino)ferrocene (dppf) protected
cis-[Pt(dppf)]2* corner.

—I 12+
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SCHEME 21 Formation of MglL4 trigonal prisms with various tetradentate ligands.
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FIGURE 16 a) cis-[Pt(dppf)]?*; b) top view of 40; c) side view 40. Anions are omitted for
clarity, and in c¢) dppf-groups are also omitted.

Hiraoka et al. obtained 10 isostuctural octahedral MsLs assemblies by
reacting disk-shaped tritopic ligand N40 with various M'" transition-metal ions
(Hg, Mn, Fe, Co, Ni, Pd, Pt, Cu, Zn and Cd).92 Out of these they obtained a crystal
structure by pairing the ligand with Hg(OTf).. The octahedral MsLs cage
structure 41 (Scheme 22) shows densely arranged ligands through n-n stacking
and the interior of the assembly is thus almost completely isolated from the
outside. The ligands lay on the equatorial positions of the metal ion, whereas
anions are occupying the axial positions, which in turn corresponds to a charge
neutral complex.

Hg(OTf),
—_—
M:L 6:8

41

SCHEME 22 Assembly of MsLs octahedron 41. Anions and free solvent molecules are
omitted for clarity.



47

Fujita et al. reacted flexible tridentate ligand 1,3,5-tris(4-pyridylmethyl)-
benzene N41 with [Pd(en)]?* corner in water that gave rise to a mixture of
oligomers. However if an organic anionic guest such as 4-methoxyphenylacetate
was introduced to the reaction, MsL> micro cage 42 was formed (Scheme 23).
Other organic anions containing a hydrophobic moiety as well as neutral
molecules like p-xylene were also found to template the assembly with varying
yields, depending on the type of encapsulated guest.?3 Reacting this ligand in
DMSO with a square-planar metal Pd(NO3s)> node yielded MsLs sphere 43
(Scheme 23), without the need for an anionic template.%

4 /—\ _l 6+
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SCHEME 23 Formation of MsL, micro cage (42), MsLs sphere (43), encapsulated guest,
anions and solvent molecules are omitted for clarity.
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Switching the pyridine arms to imidazole arms yields another flexible
ligand 1,3,5-tris(imidazol-1-yImethyl)benzene N42. Reacting this ligand with
zinc(l1) acetate provides a charge-neutral MsL. complex 44 wherein the imidazole
arms form a helical assembly with Zn(OAc). nodes due to the tetrahedral nature
of the Zn"" metal (Figure 17). Similar ligand with a trimethylbenzene core,
1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-trimethylbenzene N43, also forms Msl,
structures when reacted with two-coordinate silver perchlorate 45% or copper(l)
sulphate 46% but with less helical assemblies than in 44, as shown in Figure 17.
This opens up the micro cage and allows the exchange of the encapsulated
anion.?” With Pd(MeCN)2Cl,, an MeLg assembly 47 is formed, which is similar to
cage 43, but is squashed from one side due to orientational differences of pyridine
cf. imidazole.®

45 46 47

FIGURE 17 Assemblies obtained by flexible tridentate ligands. Anions are omitted from
all structures, and solvent molecules are omitted from 45 and 47 for clarity.
Solvent molecules in 44 were not included in the model.
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Hong et al. used a flexible tridentate ligand N44 in conjunction with NiCl
to obtain a charge-neutral MgLs assembly of [Nis(N44)sCl12] 48 (Scheme 24).9° The
near spherical assembly resembles that of a truncated cube, in which the NiCl
nodes are in the center of the octagonal face and the C3Ns rings are the triangular
faces (corners of the cube).
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SCHEME 24 Formation of MsLsg truncated cube 48, solvent molecules are omitted for clarity.

3.2 Multicomponent systems

One of the early examples of multicomponent triangular prisms is reported by
Baxter et al. They used ligand with three individual binding sites, hexaphenyl-
hexaazatriphenylene N45 as triangular bases and quaterpyridine ligand N46 as
pillars in conjunction with copper(l) tetrafluoroborate to obtain
[(N45)2(N46)3Cue]6* assembly 49.100 Crystal structure of 49 showed a triple helical
cylindrical complex that was further enhanced when using longer pillar ligands
trisbipyridine (or sexipyridine, spy) N47 or tetrakis(bipyridine) (or octapyridine,
octapy) N48 to yield multicompartmental structures [(N45)3(N47)3Cug]®* 50 and
[(N45)4(N48)3Cu12]2+ 51, respectively presented in Scheme 25.101 In the
compartmental structures 50 and 51 each cage ‘floor’ is occupied by two
encapsulated anions and one solvent molecule, whereas in 47 the cavity is
occupied only by solvent molecules. Reacting N45 and N46 with silver triflate it
is possible to obtain structure 49’ which is no longer helical but is shaped into an
almost perfect trigonal prism, and where the cavity is occupied by two
encapsulated anions and one solvent molecule. It is also shown that larger
noncompartmental structures can be made using ligands with two bipyridine
subunits separated by an organic linker.102
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SCHEME 25 Formation of triple helical triangular prisms. Anions, solvent molecules and
phenyl groups from the N45 ligand are omitted for clarity.
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Combining trigonal tridentate ligand N27 with short linear bidentate ligand
N49 (pyrazine) with [Pt(en)]?* corner should, in theory, produce (N27)2(N49)sPts
trigonal prism. Unfortunately, due to parallel competing reactions, so far only
homotopic assemblies have been obtained, namely cage 26 and square (N49)4Pt..
After introducing 2,3,6,7,10,11-hexamethoxytriphenylene (hmtp) as a template,
the reaction between N49 and [Pt(en)]?* would produce a triangular prism 52 as
shown in Scheme 26.193 Once formed, 52 proved to be stable even after the
template is removed, and the empty cage has a high affinity to encapsulate other
large aromatic molecules. Taller prisms have been obtained with [Pd(en)]?*
corner by extending the linear bidentate pillars, as shown in Figure 18. Due to
longer linear ligands, the obtained assemblies were able to encapsulate several
large aromatic guests such as pyrene, triphenylene, coronene, prophyrins and
prophyrazines by stacking.194-107 A nice example of quest stacking is
demonstrated by Yamauchi et al.107 as they were able to obtain stacks of pyrene-
4,5-dione ranging from two to five simply by varying the length of the linear
pillar. Stack of two was obtained with N50, and stacks of three to five were
obtained with ligands N51, N54 and N55b, respectively. With ligands N51, N53
and Nb55a paired with either pyrene or triphenylene guests they obtained
interpenetrated assemblies, wherein two triangular prisms were intertwined
while stacking three to five guest molecules.105
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SCHEME 26 Formation of multicomponent triangular prism. Hydrogen atoms of 52, anions
and solvent molecules are omitted for clarity.
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FIGURE 18 Examples of extended bidentate ligands.
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Stang’s group has created a series of template-free tetragonall%8-110 prisms
utilizing tetradentate ligand N56 and hexagonal!!1.112 prisms with hexadentate
ligand N57 together with cis-protected [Pt(PEts)2]2* corner, and either N-donor or
O-donor -based ligands as pillars (Figure 19). Tetragonal prisms were obtained
using ligands N1, N51, N58, O12 and O13a-c whereas hexagonal prisms were
resulted from ligands O12, O13a, O14 and O15. Multinuclear 3P and 'H NMR
analyses clearly indicated the formation of single discrete product, and mass
spectrometry further verified the existence of these products. While some of these
cages could be obtained as a solid, no single crystal could be analyzed.
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FIGURE 19 Schematic depiction of tetragonal and hexagonal prisms. Two tetradentate
(N56) or hexadentate (N57) ligands (green) form the top and bottom faces of
the prism, while four or six linear ligands (blue) form the vertical pillars joined
together with 90° cis-protected Pt!' corners (red).
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3.3 Subcomponent systems

A relatively recent method for synthesizing SCCs is the subcomponent self-
assembly where the ligand and complex simultaneously self-assemble via
formation of carbon-heteroatom (covalent) and metal-heteroatom (coordination)
bonds, the two parallel synergic processes driving toward thermodynamic
minimum. Though not the first example of subcomponent self-assembly,
Nitschke et al. reacted taurine and 2-formylpyridine in water to obtain a mixture
of compounds in a dynamic combinatorial library. This library of compounds
then collapses upon addition of Cu.O to the mixture, yielding a single stable
product 53 (Scheme 27a).113-115
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SCHEME 27 a) Subcomponent assembly of 53, b) subcomponent exchange.

Individually both imines and Cu' ions are ordinarily unstable in water, meaning
that in 53 the imines and Cu' ions are mutually stabilized. Furthermore, it was
shown that it’s possible to exchange the subcomponent of 53; adding sulfanilic
acid to an aqueous solution of 53, compound 54 is formed by liberating taurine
via transamination (Scheme 27b). Furthermore, from a mixture containing 2- ,3-
and 4-formylpyridine isomers only compound 53 was formed. Similarly from a
mixture containing 2-formylpyridine, 3,4-dihydroxybenzaldehyde and sodium
2-formylbenzenesulfonate, only compound 53 was formed. It was also shown
that transmetallation is also possible in a similar system by switching Cu! to Fel,
with ligand remaining unchanged despite of system changing from Cu.L> to
FeoLs, i.e. from tetrahedrally coordinated to octahedrally coordinated metal.116
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To further broaden this principle, Mal et al. synthesized a water-soluble
MyLs tetrahedron 54117 wusing 2-formylpyridine, 4,4’-diaminobiphenyl-2,2-
disulfonic acid and iron(ll) sulfate with tetramethylammonium hydroxide as
base (Scheme 28). It was also possible to encapsulate cyclopentane and -hexane
into the cage, and the guest molecules could be released by reversible unlocking
of the cage using acid, and again relock the cage i.e. reassembling the cage using
a base. Guest could also be released irreversibly via subcomponent exchange by
adding tris(2-ethylamino)amine.
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SCHEME 28 Subcomponent assembly of 54.

Following the same principle, Meng et al. used 2-formylpyridine jointly with
tetrakis(4-aminophenyl)porphyrin (Hz-tapp) and Fe(OTf)2 in DMF to produce an
hollow MgLs cube 55 (Scheme 29).118 Similar cages were also obtained by using
Ni'" and Zn" substituted tetrakis(4-aminophenyl)porphyrins (Ni-tapp and
Zn-tapp respectively), suggesting that the formation of structures like 55 is a
general feature of tetrakis(4-aminophenyl)porphyrins. Obtained cubes had an
interior volume of >1300 A3 and the cavity that was surrounded by n-electron
rich porphyrins making them suitable for encapsulating large aromatic guests.
Both H.-tapp and Ni-tapp based cages (H2-55 and Ni-55) were able to
encapsulate three coronene molecules whereas Ni-tapp based cage captured
either one fullerene Cgo or C70 molecule. Interestingly it was possible to exchange
[Ceo  Ni-55] to either [C7o c Ni-55] or [(coronene)s c Ni-55] by adding an excess
of Czo or coronene to solution of [CeocNi-55]. However, it was not possible to
turn [C7o  Ni-55] to [(coronene)s; c Ni-55] by adding excess coronene to the
solution or vice versa.
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SCHEME 29 Subcomponent assembly of 55.

Series of face-capped MasL4 tetrahedra were obtained when using tritopic
precursors as starting materials.11® The four trianilines from A to D, as shown in
Scheme 30, were reacted in acetonitrile with 2-formylpyridine and iron(ll) triflate,
to yield four assemblies 56-59 with increasing interior void cavity volumes of 31,
45, 229 and 823 A3, respectively. The structural similarities of trianilines A and B
and thus assemblies 56 and 57, allowed the former to be incorporated into a
mixed-ligand assemblies, whereas mixing any other trianiline ligands yielded
only homoleptic assemblies. When mixed, the two ligands (A and B) formed
assemblies of A4, A3B, A2B2, A1Bs and B4 in a 1:4:6:4:1 ratio, making the ligands
practically interchangeable.
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SCHEME 30 General procedure for subcomponent assembly of MaL4 tetrahedra.
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Starting with 4-(pyridine-4-ylaniline, a square-planar tetrakis(pyridine)-
platinum(ll) tetrafluoroborate precursor can be obtained and isolated, and then
reacting this precursor with 2-formylpyridine and iron(ll) triflate (6:24:8 ratio) in
acetonitrile yield a heterometallic cube FegPtsL4 60.120 According to 1H and 13C
NMR as well as mass spectrometry, compound 60 is a discrete assembly.
This compound can also be obtained in a one-pot synthesis; reacting 4-(pyridine-
4-yDhaniline (24 equiv.), Pt(PhCN).Cl> (6 equiv.), AgBF4 (12 equiv.), Fe(OTf)2 and
2-formylpyridine (24 equiv.) in acetonitrile at 65 °C yielding compound 52 as a
major product. This route involves self-assembly of 62 building blocks forming
total of 96 new bonds to yield a singular compound. Scheme 31 illustrates the
two different routes through which the assembly 60 can be prepared.

6 Pt(PhCN),Cl, 8 Fe(OTH),
12 AgBF, CH,CN
/ N Fe?* Fe?*
-12 AgCl
H,N NH,
Z
= Y ” Ln { )
NN, N X N /N\
6 il ,Pt{N
7 "\ \N
=N" N\ 8Fe(0Tf)2 / A
\ / _ CH,CN Y
2+
H,N NH, C\/\

60 \/

SCHEME 31 Preparation of heterometallic FegPtsL24 cube via two-step and one-pot routes.
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4  APPLICATIONS FOR MOP

As shown above, a wide range of different assemblies can be obtained by pairing
metal nodes with organic ligands in suitable conditions. Some of these assemblies
have a well-defined interior cavity, which creates an environment that differs
from the surrounding solution. This in turn creates a possibility to encapsulate
guest molecules within the assembly, though the level of how effortlessly guest
(or solvent) molecules can be encapsulated within the cavity is dependent on
several factors. The openings of the cage determine the size of the molecule that
can freely travel to the cavity, while the properties of the assembly determine
which kind of molecules can be encapsulated. These properties include
Coulombic, van der Waals, hydrogen and halogen bonding, n-r and CH:-- &t
interactions, hydrophilic/-phobic properties among others. Generally speaking,
these factors can be fine-tuned by modifying the ligands and/or metal nodes to
further improve desired encapsulation. Because the size of the cavity is relatively
small, usually few angstroms wide, these assemblies can be described as
nanovessels; tiny containers that can encapsulate as few as one single molecule.
Furthermore this creates a unique opportunity to utilize these assemblies as
nanoreactors; a reaction vessel, where the reaction occurs sometimes to only a
single molecule at a time. The following section offers a series of examples of how
MOPs have been utilized in different applications.
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4.1 Storage

4.1.1 Stabilization of reactive molecules and intermediates

Raymond’s group has shown that [Gas(O8)e¢]1 cage (10) can be used to stabilize
a series of phosphonium,121.122 diazonium,123 tropylium123 and iminium ions,124
as well as reactive organometallic intermediates!?s in an aqueous medium (Figure
20). The reactive phosphonium species tend to decompose in aqueous medium
but once encapsulated inside the hydrophobic interior of 10, the molecules were
stable for several days to even for weeks. Decreasing pH value of the solution
also increases the stability of the guest. Moreover, the size of the encapsulated
quest also significantly contributes to the stability of the host-guest complex; e.g.
[Me.C(OH)PMes]* is the least stable, next the [MeEtC(OH)PMes]* then followed
by [MeEtC(OH)PPhMe:]* whereas the [MeEtC(OH)PMes]* is the most stable of
the cations. Contrary, the presence of fluorine atoms decreases the stability of the
guest;, e.g. [Me(CFH2)C(OH)PMes3]* is table up to one week, but
[Me(CF3)C(OH)PMez]* is only stable for a few days inside the 10.122 In similar
fashion it was shown that cage 10 can also encapsulate diazonium and tropylium
cations and thereby slowing down the decomposition of these compounds.123

FIGURE 20 a) Anionic cage 10, b) different phosphonium cations, c) tropylium cation, d)
diazonium cation, e) iminium cations and f-h) organometallic intermediates.
R1 = Me, Et, CFH; or CF3; R, = Me (n = 0-6) or Et (n = 2-5); Rs = H or Me.
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Iminium ions generated in situ from amines and ketones possess a
negligible concentration in an aqueous solution at neutral or alkaline pH value.
However, in the presence of 10 it was found that a series of pyrrolidine-based
iminium ions were detected in an aqueous solution using IH NMR.124 In the
absence of 10, no iminium ions were observed, indicating that the iminium ion is
encapsulated inside the hydrophobic interior. Based on binding efficiencies, the
optimal size for iminium ions derived from 2-ketones was found to be n = 3 and
n = 4, with both shorter and longer 2-ketones have lower efficiencies. Once the
alkyl chain was too long to fit inside the host cavity, no iminium ions could be
detected. A similar trend was also observed with iminium ions derived from 3-
ketones. Once encapsulated inside the host, the iminium ions were stable for
months at room temperature.

Similarly, the host 10 has also been shown to encapsulate ruthenium half-
sandwich complexes [CpRu(cod)]* (Cp = cyclopentadiene, cod =1,5-cyclo-
octadiene, Figure 20f-h), compounds used as a catalyst for C-C bond formations,
in aqueous solution.’?> [CpRuCl(cod)] (Figure 20f) encapsulates as a highly
unstable ruthenium complex [CpRu(1,3,5-octatriene)]* (Figure 20g) within the
cavity of the host 10. Free [CpRu(1,3,5-octatriene)]* decomposes in aqueous
solution within minutes but once encapsulated is stable for weeks, and still able
to react with carbon monoxide, CO, to form [CpRu(cod)(CO)]* (Figure 20h)
inside the host 10. Similarly, once formed separately, [CpRu(cod)(CO)]* can also
be encapsulated. Also, similar encapsulation results were observed using
pentamethylcyclopentadiene analogies of the guest molecules.

Mal et al. showed that host 54 can encapsulate highly reactive and
hydrophobic white phosphorus (P4) and stabilize it to a point where it is both air-
stable and water soluble (Scheme 32).126 Despite enough room in the cavity for
oxygen molecule, P4 won’t react with O, as it would lead to the formation of
oxidized intermediates that are too large for the cavity. Encapsulated P4 can be
stored for months in room temperature and can easily be released from the cavity
with benzene, after which it’ll regain its air-sensitivity. The encapsulation was
also observed by X-ray diffraction (Figure 21a).
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SCHEME 32 Schematic representation of encapsulation and release of P, inside host 54.
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4.1.2 Molecular encapsulation and recognition

54 5 SFg

FIGURE 21 Encapsulated P4 (a) and SFg (b) inside host 54. Solvent molecules and counter
cations are removed for clarity.

Riddell et al. also showed that host 54 can encapsulate sulfur hexafluoride (SFe)
both in solution and solid state.l2” Solution of [54 > SFe] left open to the
atmosphere for one week showed negligible loss of gas, and preliminary
experiments indicated that the host 54 has no affinity toward Xe, Ar, N2, Oz, CoHg,
CO2 or N2O gases, so it could be used to separate SFs from other gases. SFes can
be easily released from the host by either increasing the temperature or
chemically opening the host cage. In the solid state, the encapsulation of SFe was
observed by X-ray diffraction (Figure 21b).

Preston et al. used ligand N59 with Pd(BF4). to obtain a multi-cavity
[PdsL4]8* cage 60 capable of selectively binding different guests (Scheme 33).128
According to 'H NMR studies, the host selectively binds four cisplatin
(Pd(NH:3)2Cl») entities in peripheral cavities and one triflate (OTf, CF3SO37) anion
in the central cavity and two triflate anions in exohedral faces. When both guests
are present, all binding sites are occupied forming a host-guest complex
[61 o (cisplatin)s(OTf)s]5+.

Glasson et al. have reported the selective encapsulation of [Fe!''Cl4]~ anion
over [Fe!'Cl4]?- anion inside tetrahedral cage 62.129 Treating ligand N60 with
FeCl,- 5 H2O in acetonitrile under refluxing conditions, led to the formation of
[62 o Fel'Cl4]"* (Scheme 34). Due to the mix of Fe!'l and/or Fe!'' chloro species
undoubtedly present in the solution during the formation of the [62 > Fe!l'Cl4]™+,
it is clear that 62 selectively encapsulates [Fe!''Cls]~- anion rather than [Fe!'Cl4]2-
anion.
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SCHEME 33 Formation of multicavity complex with selective binding sites.
R= O(CHz)zO(CHz)zOCHs

FeCl, - 5 H,0
—_—
CH4CN

[62 ) FeIIIC|4]7+

SCHEME 34 Assembly of tetrahedral host 62 incorporating anionic guest [Fel'Cl4]".
Nonencapsulated anions, solvent molecules and hydrogen atoms are omitted
for clarity.
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Yamashina et al. showed that M:L4 host 63a, obtained from ligand N6la
with Pd(NO:s). (Scheme 35), can encapsulate a wide range of neutral planar and
spherical guests shown in Figure 22.130 Planar guests such as pyrenes,
triphenylene, phenanthrene and corannulene formed host-guest complexesin 1:2
ratio, while spherical guests like paracyclophanes, adamantanes and fullerene
Ceo formed complexes in 1:1 ratio. Similar MzL4 host 63b, obtained from ligand
N61b with PtCl,, was shown to selectively encapsulate d-sucrose in water from
the mixture of other natural disaccharides.13! The strict selectivity of d-sucrose
for host 63b stems from the effective steric match and multiple CH-..n
-interactions between the sucrose and polyaromatic cage interior. Artificial
sugars such as sucralose and aspartame were shown to have an even higher
affinity towards host 63b. The same host was also shown to encapsulate benzene
and xanthine derivatives with three methyl groups (mesitylene and caffeine)
over those with two methyl groups (m-xylene, theobromine and theophylline) or
one methyl group (toluene and 3-methylxanthine) in water.132

Pd(NO3),
_—
corannulene

a: R=-0(CH,),0CH; R' = H
b: R = R' =-0(CH,),0CH;

N61

[63a o (corannulene)]

SCHEME 35 Assembly of host 63a encapsulating two corannulene molecules. Anions,
solvent molecules and R-groups other than hydrogen atoms are omitted for
clarity.

20055 sodh

FIGURE 22 Guest molecules encapsulated by host 63a. a) [2.2]-paracyclophane, b) dithia-
[3.3]paracyclophane, ¢) adamantanes (R = Ac, Et or H), d) pyrenes (X = Me, H,
Br or NHy), e) phenanthrene, f) triphenylene and g) corannulene.
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Freye et al. demonstrated the formation of a interpenetrated dimeric cage
[PdsLg] 64 using ligand N62 and Pd(BF4)..133 One BF4 anion serves as a
template for dimerization of Pd;L4 cage to form [PdsLs-BF4] double-cage (Scheme
36a). Addition of halide (F~, CI- or Br~) anions to the system will remove BF4
anions that are loosely situated in the outer cavities, which in turn will make
otherwise locked-in center BF4~ anion able to be removed. The outer cavities have
such a high affinity towards chloride anions that those, unlike fluoride or
bromide anions, cannot be removed by introducing Ag salts to the system.133
Adding bulky aryl groups to from ligand N63, forms only monomeric Pd.L4 cage
65 when mixed with Pd(BFs)., by preventing the BF4; anion to act as a
template.134 Addition of chloride anion will in turn induce dimerization to form
[PdsLge-Cl] double-cage 65°. The outer cavities are then enlarged enough to
encapsulate large anions, such as ReO4~ (Scheme 36b).

@

65

65’

SCHEME 36 a) Formation of double-cage [Pd4(N62)s-BF4s] 64 via BF4~ anion template and
chloride encapsulation, and b) formation of monomeric cage [Pd2(N62).] 65, its
dimerization to [Pd4(N63)s-Cl-] 65’ via ClI-template and encapsulation of ReO4~
anions. R = CF3, OMe or Me.
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4.2 Catalysis inside the cage

Cullen et al. showed that water-soluble cubic MgL1, cage [Cos(N64)12](BF4)16 66 is
capable to catalyze the Kemp elimination reaction of benzisoxazole with
hydroxide to produce 2-cyanophenolate (Scheme 37).135 The guest (benzisoxazole)
molecule is encapsulated into the hydrophobic cavity of the 66, and in an alkaline
solution is surrounded by partially desolvated hydroxide ions due to ion pairing
between cationic cage and hydroxide anions. The Kemp elimination will then
take place inside the cavity and the hydrophilic product (2-cyanophenolate) is
ejected from the cavity, thus enabling catalytic turnover. Introduction of
cyclodecanone, which has a higher affinity towards 66 than benzisoxazole,
rendered the reaction rate to that of the uncatalyzed reaction. The same was
observed without the cage when only Co!' ions were present.
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SCHEME 37 a) Cage [Cog(N64):2]i6+ (66), b) The Kemp elimination reaction, and
¢) schematic representation of catalytic reaction cycle inside the 66, adapted
from ref.135
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Hastings et al. reported in a detailed study an impressive 2.1 million-fold
rate enhancement for Nazarov cyclization of pentamethylcyclopentadiol inside
tetrahedral host 10 (Figure 23).13¢ The enhancement was ascribed to the stabili-
zation of transient protonated species inside the cage. Though there are no
functional groups inside the cavity, the protonation of the guest and the
subsequent reaction products are favorable due to the negative charge of the host
and cation—-rn interactions with the naphthalene rings of the ligands. The
proposed mechanism is presented in Scheme 38.

gz o "2
O

Q = Ga

FIGURE 23  Anionic [Gas(O8)s]!2- host 10. Cations and free solvent molecules omitted for
clarity.
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SCHEME 38 Proposed mechanism for Nazarov cyclization of 1,4-pentadien-3-ol catalyzed
by tetrahedral host 10, adapted from ref.136
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Hart-Cooper et al. showed that host 10 is capable of chemoselective
carbonyl-ene cyclization of 3,3,7-trimethyl-oct-6-enal (3-methylcitronellal) 67 to
form alkenes 68a and 68b (Scheme 39) with trans-alkene (68a) being the major
product (83 % trans/cis).137 Without the catalytic amount of cage 10 being present,
diols 68c and 68d (75 % trans/cis), meaning that encapsulation in 10 afforded
conformational control during cyclization. The main downside of cage 10 was its
stability towards air oxidation in elevated temperatures or low pH value. Cage
10 also forms a racemate, which needs to be treated with
(-)-N'-methylnicotinium iodide (S-nicl) to obtain enantiopure samples of
AAAA-(S-nic) < 10 or AAAA-(S-nic) c 10. For these reasons Zhao et al. prepared a
chiral ligand O16, that produced either enantiopure AAAA-69 or AAAA-69
(Figure 24).138 With the catalytic amount of this cage, the previous cyclization
reaction produced selectively compounds 68a and 68b with a higher yield
(92 % trans/cis) and a sevenfold faster rate than with cage 10. This cage also
exhibited the desired stability towards air oxidation.

WOH )():o;

—— 68a 68b

WOH OH
67
OH OH

68c 68d

SCHEME 39 Proton mediated carbonyl-ene cyclization of 67.

FIGURE 24 Cage AAAA-[Gas(O16)6]'2- (AAAA-69). Anions and solvent molecules were not
included in the model.
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Jiao et al. prepared a flexible cubic host [ZngLe]6* 70, shown in Scheme 40,
using subcomponent assembly and showed that the host is capable of catalyzing
cascade reactions.’3 In solution this host encapsulates anthranilamides (71) and
aromatic aldehydes (72), which will undergo sequential condensation and
cyclization to vyield 2,3-dihydroquinazolinines (73) which have useful
pharmacological applications. The proposed catalytic reaction mechanism is
presented in Scheme 40. With 0.1 mol % of the host 70 present, the product is
isolated with high yields (87-99 %, depending on R-groups) and the reaction
itself is highly efficient with 38 000-fold improvement cf. uncatalyzed reaction.
Without the host only imine intermediate was produced and similarly in the
presence of inhibitor no product was obtained. The substrates have a high
binding affinity towards the host, whereas the product has a far lower affinity
towards the host. This with the unfavorable conformations of the products
promoted dissociation of the product and thus allowing the host to undergo
multiple catalytic turnovers.
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SCHEME 40 Cage [Zns(N65)g]6* (70) and proposed catalytic reaction mechanism inside the
host, adapted from ref.13® R; = H, Me or Cl; R, = Ph, 4-FPh, 4-MeOPh or
1-naphthyl.
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4.3 Cavity Controlled Reactions

Yoshizawa et al. have shown that unusual regio- and stereoselective Diels-Alder
reactions between anthracenes and maleimides can occur inside MsLs open
octahedron 74 (Scheme 41a, R = Me).140 When 9-hydroxymethylanthracene 75a
and N-cyclohexylmaleimide 76 were suspended in an aqueous solution of cage
74 at room temperature, resulted a host-quest complex of 74 o (75a - 76) within
minutes. Upon heating the solution to 80 °C, 1,4-Diels-Alder adduct 77a is formed
with above 98% yield (Scheme 41b) and 74 > 77a has been verified with NMR
and single crystal X-ray diffraction. This is unusual as the conventional product
is the 9,10-Diels-Alder adduct, which was obtained in the absence of 74 at a 44 %
yield. The limited space inside the cage restricts the orientation of the two starting
compounds in a way that the expected 9,10-position is sterically restricted, thus
preventing the reaction from occurring. Similarly, carboxyl-, cyano- and vinyl
substituted anthracenes produced the corresponding 1,4-adduct with 92, 88 and
80 % vyields respectively, while unsubstituted anthracene afforded 1,4-adduct
with 55 % yield. The lower yield is due to a poor inclusion of the substrate before
reaction instead of reduced regio- or stereoselectivity.

Similarly, Yoshizawa et al. showed that host 26 (Scheme 41a, R = H) can be
used to selectively photodimerize [2+2] olefins.14! Suspension of acenaphthylene
78a to an aqueous solution of 26 at 80 °C, followed by filtration of excess 78a,
leads to the formation of host-guest complex 26 o (78a).. Irradiation of the
solution at room temperature for 30 minutes causes 78a to undergo [2+2]
photodimerization and syn-dimer 79a was extracted with >98 % yield (Scheme
41c). No anti-dimer was formed and without the host, only at high concentrations
(150 mM vs. 2 mM), were adducts formed with poor stereoselectivity (syn: 19 %,
anti: 17 % yield). 1-methylacenaohthylene 78b also produced syn-dimer 79b with
a similar yield, and no other region- or sterecisomers were observed, and no
adducts formed even at higher concentrations.

It was also shown to be possible to perform cross-photodimerization inside
the host 26 for different olefins, namely between acenaphthylene and naphto-
quinones.#2 Introduction of 78a and 5-ethoxynaphtoquinone 80a to a solution
containing host 26 forms ternary hetero complex 26 > (78a - 80a). Upon
irradiation substrates undergo [2+2] cross-photodimerization to produce hetero
syn-dimer 81a with 92 % yield (Scheme 41d). No homo syn-dimers were detected,
and neither were any anti-dimers. Switching to 5-methoxynaphtoquinone 80b
and unsubstituted naphtoquinone 80c leads to the formation of homo syn-dimers
82 and 79 respectively, together with hetero syn-dimer 81a. This contributed to
the steric effect of 5-ethoxy substituent as no homo complex 26 > (80a). were
observed, whereas in the case of 80b and 80c homo complexes did exist to some
extent.
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SCHEME 41 a) Schematic representation of hosts 74 and 26, b) Diels-Alder reaction between
anthracenes and maleimides, c¢) [2+2] photodimerization and d) [2+2] cross-
photodimerization between olefins.
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4.4 Drug delivery

Zheng et al. demonstrated that host 26’ (structurally similar to 26 except Pt was
used instead of Pd) can act as a drug delivery system.143 Cytotoxic
adamantylplatinum(IV) prodrug 83, which has low solubility in water, becomes
readily soluble once mixed with host 26’ in water at 80 °C with sonication
(Scheme 42). The change in solubility is explained by the encapsulation of
hydrophobic adamantyl moiety inside the hydrophobic cavity of the host. The
host-quest complex 26’ o (83)4 was shown to display micromolar potency against
human cancer cell lines A549 (lung cancer), A2780 (ovarian cancer) and
A2780CP70 (ovarian cancer resistant to cisplatin). The cytotoxicity against these
cancer cell lines were comparable to cisplatin and in the case of A2780CP70, the
uptake of host 26’ o (83)4 was 10 times greater when compared to 83 or cisplatin
alone. In other words, the cytotoxicity of the prodrug was improved due to high
cellular uptake of the cationic cage. Reduction of the complex 26’ > (83)4 releases
cisplatin, 1-adamantylamine and succinic acid molecules as the prodrug 83 reacts
with ascorbic acid inside cancer cells. This in turn directly delivers cisplatin
inside the cancer cell and prompts apoptosis of these cancer cells.

SCHEME 42 Schematic representation of host 26’ and host-guest complex 26’ o (83)a.
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5 EXPERIMENTAL SECTION

5.1 Aim of the Work
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FIGURE 25 Cationic ligands used to obtain MOPs; N3083: M4L, open octahedron, N66144;
MazLo4 spherical cage; N671314 and N68145; M4Lg tetranedron, N69 and N70:
M:L . capsulel4s,

Though a large number of different kinds of MOPs have been obtained utilizing
neutral or negatively charged (anionic) ligands, assemblies obtained by
positively charged (cationic) ligands are exceedingly rare. In fact, the ligands
presented in figure 25 are essentially (almost) all of the cationic ligands that have
been utilized in the creation of MOPs. Generally, cationic ligands contain one or
more +1-valent nitrogen atoms, achieved via quaternization of either tertiary or
aromatic amines, which creates a permanent localized positive charge to the
ligand structure. This means that cationic ligands are organic salts and thus offers
an opportunity for cation-anion interactions and even for potential anion
encapsulation. Furthermore, as cationic ligands are organic salts, the solubility of
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mentioned ligands can be relatively easily modified via a simple ion exchange of
the counterions and this, in turn, means that the same ligand can be utilized in
different solvent environments. Contrastingly modifying the solubility of neutral
ligands requires structural changes to the ligand skeleton itself, so in that sense
cationic ligands can be more easily optimized to be more suitable components for
obtaining MOPs.

The main issue with cationic ligands is that their use will always
increase the number of counterions needed for balancing out the total charge of
the obtained assembly. For example, let’s examine a simple tetrahedral Male
assembly utilizing unprotected M! metal nodes and either neutral or £2-valent
ligands: with cationic L?* ligands the total charge of the assembly is 20+, whereas
with neutral ligands (L°) the total charge of the assembly arises from metal nodes
alone, and equals to 8+. On the contrary, anionic ligands (L?7) act as a counterion
themselves and the total charge is thereby 4-, and if M""' was used instead of M,
the assembly would have total charge of zero (net-neutral complex). So, the
number of single-charge counterions required to balance out the total charge of
the assembly is 20, 8 and 4 for cationic, neutral and anionic ligands respectively.
Now, anionic ligands do require counterions to balance out the negative charge
they possess, but said negative charge is usually formed by deprotonated
hydroxy or carboxyl groups and thereby (some) anionic ligands can also exist in
neutral protonated forms. Furthermore, the metal nodes will act as counterion
for anionic ligands and will balance out the negative charge at least partially
thereby reducing the number of counterions required.

Previously it was shown that tricationic ligand N67 yielded MeL4 tetrahedra
when paired with unprotected metal nodes (Figure 26a) which in some cases
formed a pseudo-octahedral disorder where two tetrahedra were disordered in
a0.5:0.5 ratio with overlaying Cu'' nodes (Figure 26b).13 Based on those findings
current work aimed to create true octahedral cationic assemblies and other MOPs
by using a tripodand tricationic ligand where 1,4-diazabicyclo[2.2.2]octane
(DABCO) arms were replaced with longer bipyridinium moieties. The main
focus of this study was to examine the obtained assemblies in the solid state by
single-crystal X-ray crystallography but were also studied in solution with
nuclear magnetic resonance spectroscopy (NMR) and thermal analysis to reveal
their thermal stability and free solvent content.

FIGURE 26 a) [Cus(N67b)4]24* tetrahedra and b) pseudo-octahedral disorder. Hydrogens,
anions, and solvents omitted for clarity.
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5.2 About crystallization techniques

Since the single-crystal X-ray diffraction (SCXRD) is the main characterization
method for the crystalline assemblies obtained, it is important to take a look at
the most important part of SCXRD, this being crystallization of compounds.
Obtaining a good-quality single crystal is a vital part of achieving a high-quality
crystal structure, as a poor-quality crystal will effectively give rise to poor
reflection data and thus a low-quality crystal structure.14’-149 The process of
crystallization involves two main processes: nucleation and consequential crystal
growth, both of which have generally the same optimal conditions. For nucleation
to occur, one must “persuade” molecules of the target compound to form a
regular three-dimensional arrangement by stacking together i.e. undergo a phase
transfer from a liquid (or gaseous) phase to a solid state. Now ideally, the
crystallization solvent would only contain desired compound and solvent, but
usually, this is not the case. Instead, the mother liquid contains not only the
desired compound, but also precursor compounds and in some cases side
products.

Nucleation process can be spontaneous (primary nucleation) or it can be
induced by crystals of solute (secondary nucleation).150-152 Primary nucleation
can further be subcategorized to homogenous (without the presence of foreign
surface) or heterogenous (with the presence of foreign surface) nucleation, with
foreign surface being, for example, particles of dust. In solution, the driving force
towards nucleation is the concentration of desired compound in said solution,
and in theory, the crystallization starts when the concentration of the desired
compound is higher than the solubility of this compound is in the solvent.
However, in practice, things are not so straightforward because, generally
speaking, the crystallization is kinetically hindered and there exists a metastable
state between the solution and solid phase (Figure 27).

Solid phase
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FIGURE 27 Schematic representation of metastable state, where solid line represents point
of supersaturation and dotted line represents moment of crystallization.
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As the concentration of the desired compound in the solution increases it
will reach the point of supersaturation, which typically increases the rate of
nucleation drastically. This metastable state resides between point of
supersaturation and moment of crystallization, making it a kind of crystal
nursery where the solute is on the verge of going through a phase transition. In
this state forming aggregates are too small to initiate nucleation and are likely to
re-dissolve back to the mother liquid, and beyond this state nucleation and
subsequential crystal growth is initiated. A gradual transition from the
metastable state to crystalline state leaves ample time for good-quality single
crystals to grow to a desirable size. In fact, it may be possible to obtain a high-
quality single crystal by placing a tiny seed crystal to a solution in this metastable
state. Inorder to trigger the nucleation, one would need to somehow transfer the
solution to the metastable phase by reaching the point of supersaturation. Few of
the most common crystallization methods are discussed below.

The easiest way to obtain the state of supersaturation is to leave solution to
freely evaporate to increase the concentration of the compound in the solution.
The rate of evaporation can be controlled, to a point, by varying the opening of
the container but this method is a pretty inefficient way of producing good-
quality single crystals. The main problem with this method is the potential dying-
out of crystals when the solvent evaporates to (near) dryness, causing the crystals
to become cracked or encrusted. The other issue is that if the evaporation is too
rapid, too much nucleation will occur at once leading to packing defects and
crystals too small for successful structure analysis. To make this method a useful
form of crystallization, a slowly evaporating solvent, i.e. one with a higher boiling
point, should be chosen and the process of evaporation should be closely
monitored and controlled.

Another method to obtain a supersaturated solution is to utilize the fact that
many compounds are typically more soluble in hot solutions rather than in cold
solutions. In this method, in high temperatures a near-saturated solution is
prepared and this solution is then allowed to cool down to room temperature or
even below that, and this should initiate the crystallization process. Crystals that
start growing in higher temperatures are frequently either twinned or contain
some static disorder due to being separated by a small energy difference between
several metastable conformations existing at the same time. This does lead to
more disordered and defected packing of crystal lattice, lowering the quality of
crystals. Mirroring the first method, if the cooling down process is too rapid,
small or poor-quality crystals will form or the compound will simply precipitate
out as a fine powder. For this method to produce good-quality single crystals, the
cooling of solution should happen at a constant rate uniformly throughout the
solution. Achieving that can be difficult though not impossible.
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Typically, the best method to obtain a concentrated solution of MOPs is to
use binary solvent systems utilizing an antisolvent, a solvent in which the
compound is either insoluble or the solubility is negligible. The most common
type of binary solvent system is yielded by isothermal distillation, a method more
commonly known as vapor diffusion. This is achieved by placing an open or
loosely covered a small vial containing the solution inside a tightly closed larger
vial or container in which the antisolvent is added (Figure 28). The antisolvent,
having lower boiling point than the solution, will evaporate and then diffuses
slowly as the vapor phase into the solution thus reducing the solubility of the
compound or the complexation reactants in the solution. The great advantage of
this method is its relative slow rate of diffusion, versatility and controllability
with the main restriction being that the solvent and antisolvent need to be
immiscible.

Vapor diffusion Layer diffusion Gel crystallization

-

Anti- /. Buffer

(__
solvent solvent

Solution _f

FIGURE 28 Simple binary solvent setups.

o

A variation of this method is the layer diffusion, in which the solution is
layered inside a vial and then antisolvent is carefully layered on top of the
solution, and then the two solvents are allowed to mix naturally. It is possible to
slow down this mixing by adding a buffer solvent (typically pure solvent used in
solution) between the two layers (Figure 28). This method is more time-
consuming and requires that the used solvents are carefully chosen with their
densities kept in mind.

Another variation of the diffusion method is the gel crystallization technique.
In this method the solution and the antisolvent are separated by a layer of gel,
through which the solvents will slowly diffuse, creating a very fine concentration
gradient (Figure 28). The possibility to change the porosity and the thickness of
the gel layer makes this method highly customizable and thus creating several
variables to fine-tune to achieve high-quality crystallization.

It is noteworthy that these solvent-based methods are not excluding each
other but can indeed work in tandem for further increase the change of
crystallization. For example, vapor diffusion can be performed in subambient
temperatures to slow down the diffusion process and so (sometimes) improve
the crystallization process and the quality of crystals. The more time one spends
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in optimizing the crystallization conditions and monitoring the crystal growth,
the chances of obtaining a good or high-quality crystals will increase. The most
important part is patience, as once the crystallization conditions have been set it
Is important to disturb the vials as little as possible so that the crystal growth can
occur without interference. Also, some compounds, such as 3D-MOFs, are
formed in situ from solution and once formed are insoluble in essentially
everything and thereby cannot be recrystallized using the above-mentioned
techniques, if at all.

Crystals for compounds that are obtained utilizing precursors which have
negligible solubility in ambient temperature and/or pressure are achieved using
hydro- or solvothermal methods. In this method a mixture of solvent(s), potential
ligand and metal salts are sealed tightly inside, for example, teflon-lined
stainless-steel autoclave. The autoclave is then heated to a certain temperature
often above the boiling point of the used solvent(s) and held at that temperature
for several days. After slowly cooling back down to ambient temperatures, the
autoclave is opened, and its contents are examined for crystals. Due to high
temperature/pressure forming inside the container it is possible to use materials
that in ambient conditions are insoluble or weakly soluble in solvents used.
Though this method is often based on trial-and-error, it is possible to obtain
structures that would be otherwise impossible to achieve if attempted at ambient
conditions. This method is favored in MOF crystallization but is also viable
method for crystallizing MOPs.

Non-solvent based crystallization methods such as melt crystallization or
sublimation, are typically not useful technique for SCC crystallization as these
methods rely on the compound’s ability to undergo solid-liquid-solid or solid-
gaseous-solid phase transfers, of which SCCs typically cannot. This is due to the
simple fact that SCCs are often ionic compounds of organic ligands and metal
ions, and this sequentially makes SCCs to be organic salts. These compounds
generally don’t sublimate, but instead will decompose upon reaching certain
temperature threshold. For similar reason, melt crystallization is not viable
method as the decomposition of SCCs occurs simultaneously as the compound
undergoes solid-liquid phase transfer. The non-solvent crystallization methods
are useful methods for obtaining solvent-free precursor compounds with high
purity, as long as they can undergo required phase transitions without thermal
decomposition.
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5.3 Syntheses and methods

Starting materials were obtained from standard commercial sources such as
Sigma-Aldrich, Merck, Apollo Scientific and TCI, and used without further
purification unless mentioned otherwise.

5.3.1 Synthesis of ligands

N,
Br R | N
Br Z MeCN
+ 3 —_—
R R | A reflux | B
7 N

Br N =

L1: R = Me

L2: R=Et

SCHEME 43 General synthesis route of L-Brs.

Cationic ligand (L1)-Brs was synthesized by using a modified procedure of the
one published by Belcher et al.153 24 6-tris(bromomethyl)mesitylene (1.00 g,
2.51 mmol) in 100 ml of acetonitrile was added to a solution of 4,4’-bipyridine
(3.91 g, 25.06 mmol) in 50 ml of acetonitrile (MeCN) with vigorous stirring and
the solution was refluxed for 24 hours. The yellow precipitate was isolated by
filtration from a cooled solution, washed three times with 20 ml of MeCN and
three times with 50 ml of diethyl ether (Et,O) and dried in vacuo. Yield 1.995 g,
91.72 %. Anal. Calc. for [(L1)-Brs] - 2 H2O C2H43NeO2Br3: C, 55.83; H, 4.80; N, 9.30.
Found: C, 9.67; H, 4.78; N, 9.67%. 'H NMR (D:0O, 300 MHz, 6/ppm):
8.96 (m, 6H, bpy), 8.86 (m, 6H, bpy), 8.52 (m, 6H, bpy), 8.00 (m, 6H, bpy), 6.28
(s, 6H, CH2N*), 2.48 (s, 9H, Me).

Cationic ligand (L2)-Brz was synthesized similarly as (L1)-Brs by using
1,3,5-tris(boromomethyl)-2,4,6-triethylbenzene (1.50 g, 3.40 mmol), 4,4’-bipyridine
(3.19 g, 20.41 mmol) and the solution was refluxed for 18 hours. The yellow
precipitate was isolated by filtration, washed three times with 20 ml MeCN and
50 ml Et,0 and dried in vacuo. Yield 2.950 g, 95.36 %. Anal. Calc.for [(L2)-Brs] - 1.5
H2O CssH4sNeO15Br3: C, 57.71; H, 5.17; N, 8.97. Found: C, 57.92; H, 5.17; N, 8.87%.
IH NMR (D20, 300 MHz, 6/ppm): 9.00 (m, 6H, bpy), 8.86 (m, 6H, bpy), 8.56
(m, 6H, bpy), 7.99 (m, 6H, bpy), 6.25 (s, 6H, CH2N*), 2.85 (m, 6H, CH2Me), 1.06
(s, 9H, Me).
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5311 Anion exchanges for L-Brssalts

Synthesis of L.(PFe)s. 1.000 g (L1: 1.15 mmol, L2: 1.10 mmol) of L-Brz was
dissolved in 50 ml deionized water and saturated water solution of ammonium
hexafluorophosphate was added dropwise while stirring until no further
precipitation occurred. After 30 min of stirring the white product was collected
by filtration, washed with water and finally dried in vacuo. Yield (L1)-(PFe)s:
1.120g, 91.42 %. Anal. Calc. for [(L1)-(PFe)3] - 2 H20 Ca2H43NeO2P3F1s: C, 45.91,;
H, 3.94; N, 7.65. Found: C, 46.08; H, 3.81; N, 7.61%. H NMR ((CD3).SO, 300 MHz,
0/ppm): 8.96 (m, 6H, bpy), 8.88 (m, 6H, bpy), 8.45 (m, 6H, bpy), 7.99 (m, 6H, bpy),
6.11 (s, 6H, CH2N*), 2.35 (s, 9H, Me).

Yield (L2)-(PFg)s: 1.157g, 95.25 %. Anal. Calc. for [(L2)-(PFe)3] - 2 H2O
CussHs50NgO25P3F18: C, 47.01; H, 4.38; N, 7.31. Found: C, 47.20; H, 4.30; N, 7.05%.
IH NMR (CD3CN, 300 MHz, 6/ppm): 8.85 (m, 6H, bpy), 8.72 (m, 6H, bpy), 8.40
(m, 6H, bpy), 7.79 (m, 6H, bpy), 5.95 (s, 6H, CH2N*), 2.62 (m, 6H, CH2Me), 1.06
(m, 9H, Me).

Synthesis of L-(NTf2)s. 0.947 g (3.30 mmol) of lithium bistrifluoromethyl-
sulfonylimide (LiNTf2) in 10 ml of water was added dropwise to a solution of
0.500 g (0.55 mmol) of (L2)-Brsz in 50 ml water with vigorous stirring. The stirring
was continued for 1 h after which the white product was collected by filtration,
washed with water and dried in vacuo. Yield 0.810g, 97.56 %. Anal. Calc. for
[(L2)-(NTT2)3] - 1.5 H20O Cs1HasN9O135S6F18: C, 39.84; H, 3.15; N, 8.20. Found: C,
39.85; H, 3.05; N, 8.14%. IH NMR (CDsCN, 300 MHz, 6/ppm): 8.86 (m, 6H, bpy),
8.66 (m, 6H, bpy), 8.33 (m, 6H, bpy), 7.79 (m, 6H, bpy), 5.93 (s, 6H, CH2N*), 2.63
(m, 6H, CH2Me), 1.00 (m, 9H, Me).

5.3.2 Preparation of non-commercially available metal salts

Ni(NCS). was prepared according to a literary method.1%* NiCl;- 6 H2O (0.95 g,
7.33 mmol) dissolved in 1 ml of deionized water and diluted to a volume of
10 ml with glacial acetic acid (HOAC). The prepared mixture was added at room
temperature to a solution of ammonium thiocyanate (0.70 g, 9.2 mmol) dissolved
in 2 ml of HOACc with constant stirring which was continued 3 hours after the
addition. The yellow-green precipitate was isolated by filtration, washed with
1:10 H.O:HOACc solution and dried in vacuo. Yield 0.49 g, 85.78 %.

Ni(NO3)2 - 2.5 H2O was obtained by heating Ni(NO3), - 6 H20 to 65 °C
(mp. 56.7 °C) and keeping the liquid salt in that temperature. The forming solid
crust was occasionally mixed into the liquid salt until only the solid phase
remained. The obtained pale green solid was then grounded to fine powder and
dried in vacuo. The obtained salt was a mixture of Ni(NOs); tetra- and dihydrates
and was determined to contain 25 water molecules, according to
thermogravimetry and powder diffraction analyses (see Appendix 1).
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[Ni(MeCN)g](PFg)2. 1.62 g (8.78 mmol) of KPFs in 40 ml MeCN was added
to a solution of 1.00 g (4.39 mmol) of Ni(NOz3).- 2.5 H>0 in 60 ml of MeCN and
the mixture was stirred for two hours. Precipitated KNO3z was filtered off and
[Ni(MeCN)s](PFs)2 was crystallized from the solution as purple-blue crystals by
slow vapor diffusion of CHCIs, and subsequently recrystallized from MeCN in
the same manner. The compound was verified by single crystal X-ray diffraction
(see Appendix 2) and the crystals of [Ni(MeCN)es](PFs)2 were stable for several
months. Once powdered, the compound (partially) decomposes slowly over time
releasing corrosive products as a result.

5.3.3 Preparation of stock solutions

10 mmol L1 solutions of (L1)-(PFs)s, (L2)-(PFe)s and (L2)-(NTf2)s were prepared by
dissolving 200 pmol (173.50, 181.92 and 220.95 mg respectively) of appropriate
ligand into 20 ml of MeCN. 7.5 mmol L-! solutions of individual metal salts were
prepared by dissolving 75 pmol of Cu(NOz)2-:3H20 (18,12 mg), Cu(ClQO4)2-6H20
(27.79 mg), Ni(NOz3)-2.5H.0 (17.08 mg), NiCl, (9.72 mg), NiBr2> (16.39 mg),
Ni(NCS), (13.11 mg), Zn(NO3)2-6H20 (22.31 mg), Zn(ClO.)2-6H20 (27.93 mg),
ZnCl; (10.22 mg), ZnBr (16.89 mg) or Znl; (23.94 mg) in 10 ml of either MeOH,
EtOH or MeCN depending on solubility. 13.33 mmol L solutions of zinc(Il)
halides were prepared by dissolving 133.33 pmol of ZnCl. (18.17 mg), ZnBr:
(30.02 mg) or Znl, (42.56 mg) in 10 ml of either EtOH or MeCN. 13.33 mmol L1
Zn(l3)2 solution was prepared by mixing MeCN solution containing 67.67 mg
(266.66 pmol) of 12 with MeCN solution containing 18.17 mg (133.33 pmol) of Znl,
in such a manner, that the final volume was 10 ml. 1 mmol L-1 solution of KPFg
was prepared by dissolving 10 pmol (1.84 mg) of KPFg in 10 ml of MeCN. Due to
Nil2, NiF2 and ZnF, possess negligible solubility in the solvents utilized, they
were excluded from the study, though assemblies containing Ni-I moiety were
obtained during post-synthetic anion exchange made with NHal (see section
6.2.11).

5.3.4 General preparation and crystallization of assemblies

MeLsg assemblies were prepared by mixing 0.5 ml of 10 mmol L-! ligand solution
with 0.5 ml of 7.5 mmol L1 M!! salt solution at room temperature, and the mixture
was then left to stand for one hour unless otherwise specified. MsL3 assemblies
were prepared by mixing 0.5 ml of 10 mmol L-! solution of L.(PFe)3, 0.5 ml of
13.33 mmol L1 Zn'" halide solution and 0.5 ml of 1 mmol L-1 KPFg solution. After
standing one hour at room temperature, the solution was filtered through
Celite® S to remove any insoluble byproducts (mainly potassium and ligand
halides). MsLs was prepared by mixing 0.5 ml of 13.33 mmol L-1 Zn(l3). solution
with 0.5 ml of 10 mmol L-1 L-(PFe)3, solution, and after standing one hour at room
temperature, the solution was filtered through Celite® S to remove any insoluble
byproducts (mainly potassium and ligand halides). Crystals suitable for X-ray
diffraction were obtained via slow vapor diffusion of either dichloromethane
(DCM), chloroform, Et2O or ethyl acetate (EtOAc) unless otherwise specified.
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535 NMR

IH NMR samples were measured using Bruker Avance Il HD 300 or Bruker
Avance 11 500 spectrometer at 30 °C. Samples of ligands were prepared in situ
and measured within 5 minutes of preparation whereas samples of MeLs
assemblies were either prepared in situ from starting materials or from single
crystals obtained via vapor diffusion crystallization and measured a few hours
after preparation.

5.3.6 Thermogravimetry

PerkinElmer STA 6000 TG/DSC simultaneous thermal analyzer was used to
analyze the samples, typically over a temperature range of 20-800 °C with
heating rate of 10 °C min-1. The thermal stability measurements were conducted
in an open platinum crucible under either air or N2 atmosphere with a gas flow
rate of 40 ml min-1. The weight was calibrated at ambient temperature using a
steel ball bearing with a standardized reference weight of 55.98 mg (provided by
the manufacturer). The melting point onsets of indium and aluminum (Perkin
Elmer standards with mp. values of 156.60 °C and 660.1 °C, respectively) were
used to calibrate the device temperature and the heat flow was calibrated using
the standard enthalpy of fusion of indium (28.45 J g-1). Samples, 5-10 mg by
weight, were prepared before measurement at ambient temperature and dried
beforehand by either keeping them in a constant 1 x 10-6 bar vacuum overnight
or under a nitrogen atmosphere for three days unless otherwise specified.

5.3.7 X-Ray Crystallography

Single crystal diffraction data were collected using a Rigaku Oxford Diffraction
SuperNova Dual-source X-ray diffractometer, with Mo and Cu radiation hi-flux
microfocus sources (Mo K., A =0.71073 A and Cu K, A = 1.54184 A) and an Atlas
CCD detector installed. Cu radiation was used for all the obtained compounds
throughout this work except in case of [Ni(MeCN)s](PFs)2. To achieve diffraction
data suitable for structure determination, numerous crystals per compound were
screened under the microscope and during pre-experiment (unit cell indexing
step) runs. In the case of larger assemblies, the diffraction data acquisition
pushed the equipment close to the operational extremes as required data
collection times lasted typically two days and occasionally upwards to five days
with an achievable data redundancy of at most 2. Crystals were held at a constant
temperature of -173.15, —-153.15 or -150.15 °C during data collection using a
liquid nitrogen cooled Oxford Cryostream 700 device. The CrysAlisPro software
package (ver. no. 171.38.43, 171.39.43c, 171.40.67a, 171.41.112a and 171.42.49) was
used to conduct data collection and reduction and to apply numeric absorption
corrections (Gaussian grid) that were based on the multifaceted crystal models.
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Within the OLEX?2 structure solution and refinement program (ver. nos. 1.3
and 1.5), all structures were solved using SHELXT!S and refined using
SHELXL156 |east-squares full-matrix minimization on |F|?. All non-hydrogen
atoms were refined anisotropically (as long as allowed by disorder) and
hydrogen atoms were calculated isotropically using the standard OLEX? riding
model (for aromatic hydrogen atoms and —CH:- groups: Uiso = 1.2x of the parent
atom, and for other groups: Uiso = 1.5x of the parent atom). Occupancies of
disordered moieties were determined using free variables in the refinement. In
case of severe disorder, the structure was examined in lower symmetry (when
enough data was available) and the nature of the disorder was applied back in
original symmetry. Electron density from severely disordered solvents (e.g. water,
acetonitrile, chloroform, 1,4-dioxane, ethyl acetate) was first examined and then
removed on the final refinement of the structure using the OLEX2? solvent mask
(SM) tool. On a case-by-case basis, some better-defined solvent molecules were
excluded from solvent masking, to demonstrate typical locations and
orientations they possessed. The removed electron density was not taken into
account when determining the chemical formula.

Powder diffraction patterns were collected by PANalytical X'Pert Pro alpha
1 diffractometer from gently mortar grounded dried single crystal samples in the
Bragg-Brentano geometry using a sealed tube X-ray Cu tube with a Johansson
monochromator (CuKai A = 1.5406 A; at 45 kV and 40 mA). Data were routinely
collected from samples prepared on a spinning concave zero background (ZBC)
silicon disc with an X'Celerator detector over a 26-range of 3-70°. The step size
(20) and time per step were respectively 0.167° and 180 s. All of the MsLs samples
measured turned out to be amorphous (Figure 29) suggesting that the crystalline
structure collapses during the drying process, and so further powder diffraction
studies of obtained structures were deemed to be unnecessary.
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FIGURE 29 Example of measured powder diffraction pattern of a MsLg assembly.
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6 RESULTS AND DISCUSSION

6.1 Structural description of ligands

The ligand L comprises of three cationic bipyridinium ‘arms’ linked either via a
mesitylene (1,3,5-trimethylbenzene) core (L1) or 1,3,5-triethylbenzene core (L2),
possessing either ‘bowl’-shaped syn-conformation in case of ligands L.-Brs and
L.(PFe)3 or ‘chair’-shaped anti-conformation in case of ligand (L2)-(NTf2)s (Figure
30). In syn-conformation one of the counter anions is entrapped within the bowl-
like structure while the rest are located in proximity to the cationic regions of the
ligand but outside of the bowl. In the case of L2 the ethyl-groups are typically
oriented at the opposite side of the benzene ring with respect to the bpy-arms,
likely to minimize the energy in the conformation and due the steric hindrance
ensued by the plausible all substituents in syn-conformation.

syn anti

OF

FIGURE 30 syn- and anti-conformations of ligand L. Hydrogen atoms, counter anions
and core substituents (Me or Et -groups) omitted are for clarity.
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(L1)-Brs, crystallized from slightly wet MeOH solution via dichloromethane
(DCM) vapor diffusion, exhibits a triclinic space group P1 (a = 10.7684(10) A,
b = 11.6237(8) A, ¢ = 18.1308(13) A, a = 95.087(6)°, § = 103.175(7)°,
y = 104.053(7)°, V = 2118.5(3) A3, Z = 2) containing three water and one DCM
molecules with the ligand in syn-conformation and three bromide anions. In
crystal lattice, the ligand (L1)-Brz orientates to a loose dimeric ‘capsules’ with one
of the bromide anions (Brl) resides within the bowl of the ligand while the two
remaining bromide anions are outside the capsule (Figure 31a). Brl is located
4.5057(13) A above and slightly off-center of benzene core (Brl-Centroid-
projection point angle 81.79° and Brl-Centroid distance 4.5522(12) A). In loose
capsule, Brl atoms are separated by a distance of 5.6053(8) A from their ‘mirror
twin’ (Figure 31a-b). The Brl also participates in a short hydrogen/halogen bond
network between two ligands and two water molecules, namely between atoms
N4..-O1---Brl:--O2---N6, while the remaining two bromide ions are interacting
with the third water molecule, Br2---O3---Br3, as shown in Figure 31c. Only one
solvent molecule is disordered (water containing atom O2) over three
positions with approximately 0.33 occupancies each. The bend angles of the bpy
arms are between 114.45-115.43° and the zero-valent nitrogen atoms of the bpy
arms are approximately equally apart, with the distance between them being
11.844-13.664 A. The rings containing zero-valent nitrogen atoms are rotated
between 23.84-33.68° from the planes of the rings containing +1-valent nitrogen
atoms. Crystallographic data for (L1)-Brs is presented in Appendix 8 Table A7.

FIGURE 31 a) Encapsulated Brl-anions, b) Off-set of Brl atoms and c¢) Hydrogen/halo-
gen bonding within (L1)-Brs. Only relevant atoms are shown.

(L1)-(PFe)s, crystallized from MeCN solution via Et.O vapor diffusion,
exhibits in a polar orthorhombic space group Pna2; (a = 30.3451(6) A,
b =11.1987(2) A, ¢ = 27.2537(6) A, a = =y = 90°, V = 9261.5(3) A3, Z = 4)
containing two crystallographically distinct cations both in syn-conformation, six
hexafluorophosphate anions and one MeCN molecule with 0.50 occupancy. The
packing of the ligand molecules is similar to one observed in the structure of
hydrated (L2)-(PFe)3 - 3 H20, reported by Belcher et al.153, even though that one
crystallizes in monoclinic space group P2:1/c.
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In crystal lattice, the cationic ligand (L1)-(PFs)s exhibits an interdigitated
packing in which two of bpy arms have come closer together (7.083-7.296 A cf.
14.004-14.595 A) and are partially ‘sandwiching’ the third bpy arm from another
ligand molecule (Figure 32a-b). Entrapped anions lie 5.057-5.197 A from the
centroid of the benzene core (Figure 32c) and are surrounded by bpy arms. The
bend angles of the bpy arms are between 112.44-114.92° while the zero-valent
pyridine rings are rotated between 23.98-33.69° from the planes of the +1-valent
pyridinium rings. One of the PFs~ anions is disordered over two overlapping
positions with approximately 0.68 and 0.32 occupancies respectively.
Crystallographic data for (L1)-(PFe)s is presented in Appendix 8 Table A7.

FIGURE 32 a) Twisting of bpy arms, b) Interdigitated packing, and c) anion encapsulated
to a ligand bowl. Only relevant atoms are shown.

(L2)-Brg, crystallized from dry methanol solution via Et>O vapor diffusion,
exhibits a polar orthorhombic space group Pna2: (a = 23.6932(3) A,
b =11.1282(2) A, ¢ = 19.2861(3) A, a =B =y = 90°, V = 5085.02(14) A3, Z = 4)
containing one crystallographically distinct cation in syn-conformation, three
bromide anions and five MeOH molecules. The obtained structure differs from
the one previously reported by Belcher et al.153 as that one was obtained from
different solvent environment. The entrapped bromide anion Brl is disordered
over two positions with equal occupancies of 0.50 each and resides 4.198(2) A
(Brla) and 4.634(2) A (Brlb) from the centroid of the benzene core (Figure 33a).
One of the two other bromide anions Br2 is also similarly disordered over two
positions with approximately 0.75 and 0.25 occupancies each, while the final
bromide anion (Br3) is not disordered. Three out of five MeOH molecules are not
disordered, while one has its OH-group disordered over two orientations with
approximately 0.50 occupancies each. The final MeOH molecule is disordered
over two locations with approximately 0.75 and 0.25 occupancies and
additionally the MeOH with 0.75 occupancy has further disordered OH-groups
over two orientations with approximately 0.50 and 0.25 occupancies respectively.
Disordered solvents are located within a cavity surrounded by ligands and share
the cavity with bromide anions as shown in Figure 33b.
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The bend angles of the bpy arms are between 113.43-115.19° and the zero-
valent pyridine ring is rotated between 27.50-45.91° from the plane of the
pyridinium ring. Similarly to (L1)-(PFs)s, two of bpy arms have come closer
together (9.769 A cf. 13.132-13.906 A), but not as much as in (L1)-(PFe)s.
Crystallographic data for (L2)-Brs is presented in Appendix 8 Table A7.

a) 4 b)

FIGURE 33 a) Anion inside the bowl and b) disordered methanol cavity. Only relevant
atoms are shown.

(L2)-(PFe)3, crystallized from MeCN solution via EtOAc vapor diffusion and
exhibits in a highly symmetrical hexagonal space group P63
(a=b=11.9234(3) A, ¢ =19.9434(4) A, a = § = 90°, y = 120°, V = 2455.44(10) A3,
Z = 2) containing one crystallographically distinct cation, three hexafluoro-
phosphate anions and one disordered MeCN molecule. The structure is
practically the same as the one reported by Belcher et al.133 Entrapped anion lays
4.944(3) A from the centroid of the benzene core (Figure 34a), while the bend
angles of the bpy arms are 115.7(3)°. The zero-valent pyridine ring is rotated 38.11°
from the plane of the pyridinium ring and are equally 13.021(6) A apart. Anions
are sandwiched between two cations or are located in a pocket containing two
anions and MeCN molecule (Figure 34b-c). MeCN molecule is disordered over
three positions all sharing the nitrogen atom. Crystallographic data for (L1)-Brs
is presented in Appendix 8 Table A7.
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FIGURE 34 a) Encapsulation of PFs~ anion and crystal packing of (L2)-(PFg)s viewed along
the crystallographic b) c-axis and c) a-axis. In b) and ¢) hydrogen atoms are
omitted for clarity.
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(L2)-(NTf2)3 turned out to be a challenging compound to crystallize;
evaporation of (L2)-(NTf2)s solutions would only yield amorphous powder,
whereas diffusion methods would, typically, yield yellow slime or gel instead of
single crystals. Eventually, the compound was crystallized from MeCN solution
via slow THF vapor diffusion as a small, relatively poorly diffracting, colorless
rods. Obtained structure exhibits in a monoclinic space group P2i/c
(a = 10.4945(7) A, b = 27.068(2) A, ¢ = 22.880(3) A, @ =y = 90°, = 101.995(9)°,
V =6357.7(11) A3, Z = 4) containing one crystallographically distinct cation, three
NTf, anions and one water molecule. Due to the size of the anion, the cation
exhibits an anti-conformation with bend angles of the bpy arms being 110.27-
110.30° for the two on the same side (‘up’) and 114.52° for the one on the opposite
side (‘down’) of the core benzene ring. All ethyl groups are orientated on the
same side as the ‘down’ bpy arm (Figure 35a). For the up-arms, the zero-valent
pyridine rings are rotated 26.92-30.20° from the plane of the pyridinium ring,
while the down-arm is nearly planar with rotation being 4.24°. In the crystal lattice
the packing of ligands is dominated by n—r stacking between bpy arms (Figure
35b) and that, along with anti-conformation, produces cavities (Figure 35¢) where
majority of the anions and solvent molecules reside. Crystallographic data for
(L2)-(NTf2)s is presented in Appendix 8 Table A7.

4.684(14) A
3.176(13) A
3.808(14) A
3.176(13) A
4.026(15) A
3.573(16) A
3.488(15) A
3.481(14) A

JQrT@eaegoe

FIGURE 35 a) Ligand in anti-conformation and NTf, anions near the benzene core,
b) packing of bpy arms with selected n—n stacking distances and c) anion
cavities viewed along (101) lattice plane. In b) and c), anions and solvent
molecules are omitted for clarity.
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6.2 Mels -assemblies

6.2.1 [Cue(L1)s(MeCN)ig(PFs)2](PFs)32 (C1)

Mixing acetonitrile solutions of (L1)-(PFe)3 and Cu(OTf)2 in 4:3 ratio followed by
slow vapor diffusion of chloroform yielded blue crystals that were highly
fragile and spontaneously deteriorated within one minute after removing them
from the crystallization solution. X-ray diffraction analysis of mentioned crystals
revealed a [Cus(L1)s(MeCN)1s(PFs)2](PFs)34 (C1) cube-like structure exhibiting in
a tetragonal space group l4/m (a = b = 27.5958(2) A, ¢ = 48.8799(5) A,
a=pF=y=90°V =237223.4(5) A3, Z = 2). In this assembly, the mesitylene cores
of the ligands act as corner pieces in the cube and metal nodes (LsM) act as the
faces of a cube (Figure 36a). The asymmetric unit consists of one eight of the super
cationic (36+) cage unit of C1 and contains two crystallographically distinct Cu"
ions (Cul and Cu?2) each of which exhibit an octahedral coordination geometry
where the four equatorial sites are occupied by bpy arms of the ligands
(coordinated via N-donor atoms) and the two axial sites are occupied by MeCN
molecules (Figure 36b). The distances between diagonal Cu' nodes are
24.401(2) A for de(Cul-Cul’) and 18.358(3) A for dy(Cu2-Cu2’), while the distance
between nearest Cu' nodes was 15.2677(12) A for d(Cul-Cu2) and 12.981(2) A
for d(Cu2-Cu2) with bridging angles between ligands being 175.9(2)° for
4(L-Cul-L) and 173.3(2)° for #(L-Cu2-L) with no difference between bridging
angles of (La—M-L) and (Lb—M-Lg). This causes the structure to be squashed from
one of its axes (Figure 36c¢). Two of the ligand’s zero-valent pyridine rings are
disordered over two orientations with approximate occupancies of 0.50 each and
torsion angles of 111.0(4)° and 110.2(4)° between the two orientations.

All ligands of the cage unit are in syn-conformation (‘bow!’) where the bent
angles of bpy arms are between 112.87-114.09° and each ligand encapsulates one
MeCN molecule and one PFs~ anion with approximate occupancies of 0.75 and
0.25 respectively (Figure 36d). Encapsulated MeCN is located 3.864(9) A from
benzyl ring centroid to nitrogen of the solvent molecule, whereas encapsulated
PFs~ anion is located 5.019(15) A from benzyl ring centroid to phosphorus of the
anion. The remaining charge of the cationic cage is balanced out via exohedral
PFe~ anions, i.e. anions located outside the cage, and no triflate anions were
observed, though out of the expected 36 anions, only 26 could be assigned. The
assembly contains a large amount of, both endo- and exohedral, solvent
molecules disordered to a point of which only a few free solvent molecules can
be positioned. Overall, 10.9 % of unit cell volume consist of disordered molecules,
based on voids calculated in program Mercury!58 (Figure 37a). The missing
anions may be disordered among the aforementioned solvent molecules or either
metal node or ligand itself (see Section 6.3, p. 132) has (at least partially)
underwent a reduction which would lower the total charge of the supercationic
cage-unit. This, in turn, would lower the number of counterions required to
balance out the total charge, but the possibility of reduction was not investigated.
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FIGURE 36 a) Structure of C1 cage unit including endohedral MeCN molecules and PFs~
anions, b) metal node, ¢) squashed nature of C1 and d) disordered PFs/MeCN
inside the bowl of the ligand. Only relevant atoms are shown.

In the crystal lattice, the packing of individual C1 cage units follows the
body-centered cubic (BCC) packing model, where one entire C1 cage unit is in
the middle of the unit cell and eight C1 other cage units are located in the corners
of the unit cell (Figure 37b—c) with exohedral anions and free solvent molecules
occupying the space between individual cage-units. Each of the C1 cage units are
orientated in the same direction with Cul laying parallel with the c-axis and Cu2
atoms laying parallel with ab-plane. In the lattice, MeCN bonded to Cul node are
surrounded by four disordered CHCI3; molecules (approx. occup. being 0.45 for
each) with the distance of 4.549(15) A from CHs in MeCN to a carbon atom in
CHCI3 (Figure 37d). Furthermore, the Cu2 nodes of different C1 cage-units come
near to each other, with a distance of 11.723(2) A between Cu2 atoms and MeCN
molecules bonded to those Cu2 nodes come to a distance of 8.95(5) A measured
from carbon in CHs to nitrogen atom of the other MeCN molecule. This leaves
enough room for one disordered PF¢~ anion to be located between two C1 cage
units along the Cu2 plane as shown in Figure 37e-f. Crystallographic data for
single crystal X-ray measurement of C1 is presented in Appendix 9 Table A8.
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FIGURE 37 a) Solvent accessible surface in the unit cell of C1, b) unit cell packing viewed
along the crystallographic c-axis, c¢) along b-axis, d) CHCIs molecules near Cul
metal nodes and e-f) PFs~ anions between C1 cage units. Only relevant atoms
are shown.
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6.2.2 [Cus(L1)s(MeCN)7(OH)7(ClO4)6](ClO4)155n(PF6)7.5+n (C2)

Mixing acetonitrile solutions of (L1)-(PFe)3 and Cu(ClO4).-6 H20 followed by slow
evaporation under 1,4-dioxane yielded blue hexagonal crystals that were
similarly fragile and short-lived outside the crystallization solution as compound
Cl. X-ray diffraction analysis revealed again an analogous cube-like cage
structure of [Cus(L1)s(MeCN)7(OH)7(ClO4)s](ClO4)155-n(PFs)75+n (C2) exhibiting
in a monoclinic space group C2/c (a = 49.8080(12) A, b = 29.2146(6) A,
¢ = 55.7326(13) A, a =y = 90°, B = 113.168(3)°, V = 74 557(3) A3, Z = 4). The
asymmetric unit consists of one-half of a cage-unit of C2 and contains three
crystallographic distinct Cu" ions (Cul, Cu2 and Cu3) with each metal node
exhibits in an octahedral coordination geometry where the four equatorial sites
are occupied by bpy arms of the ligands, and the two axial sites are occupied by
either MeCN molecules or by hydroxide (OH") anions (Figure 38a-c). The
distances between diagonal Cu'' nodes are 21.969(14) A for d¢(Cula—Cula’),
20.836(14) A for dg(Culb—Culb’), 20.21(2) A for dy(Cu2a-Cu2a’), 19.24(2) A for
da(Cu2b-Cu2b’), 21.574(15) A for dy¢(Cu3a—-Cu3a)’ and 20.486(16) A for
dda(Cu3b—-Cu3b)’, while the distances between nearest Cu'' nodes varied between
13.600-15.873 A. The cage unit of C2 is thus more symmetrical than the one
observed in C1, despite both containing the same supercationic skeleton of
[Cue(L1)s]%6*. The skeleton of C2 is almost completely disordered over two
positions (Figure 38d) with all metal nodes as well as most of the ligand bpy arms
being disordered with approximate occupancies of 0.5 each. The disordered Cu"
atoms are separated (i.e., the distance between different parts) by a distance of
0.570(12) A, 0.535(16) A and 0.548(14) A for Cul, Cu2 and Cu3 respectively.
Subsequently, the zero-valent N-donor atoms of disordered bpy arms bonded to
said metal nodes are separated by an average of 0.633 A. The bridging angles
between bonded ligands are 175.3(8)°/177.1(8)° for #L-CulA-L),
177.9(9)°/178.2(8)° for AL-CulB-L), 177.2(9)°/177.3(8)° for #AL-Cu2A-L),
170.2(9)°/170.0(8)° for #L-Cu2B-L), 175.9(9)°/174.5(9)° for £L-Cu3A-L), and
177.6(10)°/178.1(10)° for #(L-Cu3B-L), presented as (La—M-Lc)/(Lo—M-Lq).

All ligands of the cationic cage unit are in syn-conformation where the bend
angles of bpy arms are between 107.0-120.1° and two of the ligands encapsulate
one MeCN molecule each while the remaining six ligands encapsulate one ClO4~
anion each (Figure 38e-f). Encapsulated MeCN molecule lies 3.643(11) A from
benzyl ring centroid to nitrogen of the solvent molecule, whereas encapsulated
ClO4 anions are located between 5.016-5.265 A from benzyl ring centroid to
chlorine of the anion. Exohedral anions are a mixture of ClO4~ and PFe~ anions,
and based on assigned anions and elemental analysis within Olex?, the ratio of
ClO4:PFs is 5:3, which suggests that ClIO4™ is preferred over PFs~ as the ratio of
anions was originally 1:2. Out of expected 36 anions, 33 could be assigned
(7x OH-, 18.5x ClO4~ and 7.5x PF¢™) with the remaining three anions most likely
being disordered among the large volume of disordered free solvents, consisting
of both MeCN and 1,4-dioxane. Overall, 20.8 % of the unit cell volume consists of
disordered molecules, based on voids calculated in Mercury (Figure 38g).



FIGURE 38

mixed MeCN/OH

a) Structure of C2 cage unit including endohedral CIO4~ anions and MeCN
molecules, b-¢c) metal nodes, d) disordered nature of metal nodes, €) encapsu-

lated MeCN molecule, f) encapsulated CIO4 anion, and g) solvent accessible
surface in unit cell of C2. Only relevant atoms are shown.
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In the crystal lattice, the individual C2 cage units are packed similar to the
face centered cubic (FCC) close-packing model of regular spheres (Figure 39a—c)
and unlike in C1, the mesitylene cores of the ligands in C2 come near each other.
Subsequently, one of the exohedral ClO4~ anions is ‘trapped’ between four C2
cage units, with the average distance from mesitylene core centroid to chloride
atom being 4.630 A. Another disordered perchlorate anion with approximate
occupancy of 0.5 is located near the trapped one, with a distance of 6.319(5) A
between the two chloride ions (Figure 39d). The surrounding mesitylene cores
are separated between 6.716-8.807 A, measured from centroid to centroid.
Crystallographic data for single crystal X-ray measurement of C2 is presented in
Appendix 9 Table A8.

FIGURE 39 a-b) Dense packing of C2 cage units in the crystal lattice, ¢) packing viewed
along (101) lattice plane, and d) trapped ClO4 anion surrounded by mesity-
lene cores of four different cages. Only relevant atoms are shown.
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6.2.3 [Nis(L2)s(MeCN)12(PF6)s](PF6)17.5-n(NO3)10.5+n (C3)

Mixing acetonitrile solutions of (L2)-(PFe)3 and Ni(NOz3)2:2.5 H20 in 4:3 ratio
followed by slow vapor diffusion of ethyl acetate yields lilac crystals (Figure 40a)
and the X-ray diffraction analysis of crystals revealed a
[Nis(L2)s(MeCN)12(PFs)s](PFs)17.5-n(NOz3)105+n (C3) cube-like structure (Figure 40b)
exhibiting in trigonal space group R3 (a = b = 58.7031(15) A, ¢ = 75.1394(14) A,
a=p=90°y=120° V = 224 244(9) A3, Z = 12). The asymmetric unit contains
four crystallographically distinct Ni'' ions (Ni1l-Ni4) each of which exhibits an
octahedral coordination geometry where the four equatorial sites are occupied
by ligands bpy arms and the two axial sites are occupied acetonitrile molecules
(Figure 40c). The asymmetric unit of assembly C3 consists of one-half and one
sixth of two individual [Nis(L2)s(MeCN)12]36* cationic cages with slightly
different conformation of ethyl-groups: C3-I (Ni1-Ni3) forming from one-half of
cage unit, possessing trans-conformation of ligand bpy arms and ethyl groups,
and C3-11 (Ni4) forming from one-sixth of the cage unit, possessing both all-cis-
and all-trans-conformations (in 3:1 ratio) of ligand bpy arms and ethyl groups
(Figure 40d-e). Each bowl encapsulates a single PF¢~ anion (Figure 40f) while
exohedral anions are a mixture of PFe~ and NOs~ anions. Out of expected 36
anions, 33 could be assigned (10.5x NO3z~and 22.5x PFs~) with the remaining three
anions most likely being disordered among the large volume of disordered free
solvents, with overall 23.1 % of unit cell volume consisting of disordered
molecules, based on voids calculated in Mercury (Figure 409).

Two of the Ni'' atoms (Ni2 and Ni4) are disordered over two positions with
approximate occupancies of 0.75 and 0.25 for Ni2A and Ni2B respectively, and
0.90 and 0.10 for Ni4A and Ni4B respectively. The two positions are separated
with a distance of 0.567(14) A for d(Ni2A-Ni2B) and 0.37(2) A for d(Ni4A-Ni4B).
The distances between diagonal Ni" ions in C3—I are 19.411(2) A for dg(Ni1-Ni1),
20.761(7) A for da(Ni2A-Ni2A"), 19.71(3) for da(Ni2B-Ni2B’) and 21.389(3) A for
da(Ni3-Ni3’) while in C3-Il the diagonal distances are 21.373(6) A for
dia(Ni4A-Ni4A’) and 21.19(7) for dq(Ni4B-Ni4B’) respectively. The distance
between nearest Ni'' nodes is between 13.649-15.479 A in C3-1 and between
15.03-15.508 A in C3-I1. The bridging angles of bonded ligands in metal nodes
were 177.3(3)°/177.8(2)° for A(L-Nil-L), 175.2(4)°/177.3(4)° for A(L-Ni2A-L),
155.2(8)°/152.3(7)° for #(L-Ni2B-L), 177.8(2)°/179.0(3)° for #(L-Ni3-L),
176.8(2)°/177.4(3)° for £(L-Ni4A-L) and 162.8(12)°/170.1(18)° for #(L-Ni4B-L),
presented as (La—M-L.)/(Lo—M-L4d). The bend angles of bpy arms are between
109.6-115.8° in C3-I and between 113.2-117.0° in C3-Il, with encapsulated PF¢"
anions lie 4.849-5.198 A from benzene ring centroid to phosphorus atom.
In C3-I, it was not possible to assign the CHs-atoms of the endohedrally
coordinated MeCN molecules, whereas in the case of C3-11 it was not possible to
assign of the CHs-atoms of the exohedrally coordinated MeCN molecules. This
is due to MeCN being disordered to a point where CHs-groups could not be
identified from the electron density map (or the occupancy would have been
minute), and similar disorder was also observed in other MeLg assemblies.
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FIGURE 40

a) Crystals of C3, b) structure of C3 cage unit including endohedral anions,
¢) metal node, d-e) all-cis- and all-trans-conformations of the ligand, f) encap-
sulated PFg~ anion, and g) solvent accessible surface in unit cell of C3. Only
relevant atoms are shown.
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The unit cell contains 12 C3 cage units, out of which 9 are C3-I cage units
and 3 are C3-11 cage units. C3-11 cage units are located in the corners of the unit
cell and along (111) lattice plane, while C3—I cage units are filling the rest of the
unit cell (Figure 41a-d). In the crystal lattice, individual C3 cage units are
following the FCC packing model, similarly to assembly C2 but unlike in C2, the
orientation of individual cage units is different. Instead of metal nodes coming
near to each other, it is the ligand benzene cores that come near to each other
(centroid-centroid distance of 9.9255(2) A) or exohedral MeCN in Nil node comes
near one of the benzene cores (centroid to CH3 distance 3.813(11) A. Subsequently
there are no anions ‘trapped’ between C3 cage units in a similar fashion as was
observed with assembly C2. Crystallographic data for single crystal X-ray
measurement of C3 is presented in Appendix 9 Table A8.

FIGURE 41 Unit cell packing viewed along the crystallographic a) b-axis and b) c-axis.
Locations of C3-11 cage units in the unit cell viewed along c) b-axis and d)
c-axis. Green represents cage unit C3-l and red represents cage unit C3-II.
Only relevant atoms are shown.
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6.2.4 [Nis(L2)s(MeCN)12(PFe)s](PFs)2s (C3*)

As observed above, using Ni(NO3). as a source of metal ions, yield an assembly
which contains no endohedral nitrate anions. To examine is similar assembly
could be obtained nitrate ‘free’, Ni(PFs)2 was instead used as a metal source.
Mixing acetonitrile solutions of (L2)-(PFs)s and [Ni(MeCN)e](PFs)2 in 4:3 ratio
followed by slow vapor diffusion of ethyl acetate yields lilac crystals and the
X-ray diffraction analysis of crystals revealed a [Nis(L2)s(MeCN)12(PFe)s](PFs)2s
(C3*) cube-like structure (Figure 42a-b) exhibiting monoclinic space group C2/c
(a=40.9416 (13) A, b= 45.5508(13) A, ¢ = 41.8085(15) A, « = y =90°, B =90.979(3) °,
V = 77 958(4) A3, Z = 4). The asymmetric unit contains one-half of the C3* cage
unit with three crystallographically distinct Ni'' ions (Nil, Ni2 and Ni3) each of
which exhibit an octahedral coordination geometry where the four equatorial
sites are occupied by ligands bpy arms and the two axial sites are occupied by
MeCN molecules (Figure 42c), with a bond length between 2.025-2.099 A. The
distances between diagonal Ni" ions are 20.121(3) A for dg(Ni1-Ni1’), 20.914(3) A
for da(Ni2-Ni2’), and 19.644(4) A for dq(Ni3-Ni3’) respectively, while the distance
between nearest Ni'' nodes was between 13.716-14.930 A. The bridging angles
between coordinated ligands are 177.6(3)°/177.6(2)° for #(L-Nil-L),
177.8(3)°/178.5(4)° for #(L-Ni2-L) and 177.5(4)°/177.7(3)° for #(L-Ni3-L),
presented as (Le—M-Lc)/ (Lo—M-La).

One ligand has one ethyl-group disordered between cis- and trans-
conformations with 0.50 occupancies each, while the rest have all-trans
conformation with the bent angles of bpy arms being between of 112.48-117.13°.
One out of four ‘bowls’ is occupied by a disordered MeCN molecule and the
remaining ‘bowls’ are occupied by PF¢~ anions. The encapsulated MeCN lies
between 3.892(16) A from benzyl ring centroid to nitrogen of MeCN molecule,
whereas encapsulated PFs~anions are located between 5.072-5.238 A from benzyl
ring centroid to phosphorus of the anion. In the metal nodes, the CHs-group of
coordinated MeCN molecules can only be assigned with an approximate
occupancy of 0.50, while C=N group has full occupancy. Out of the expected 36
anions, 32 could be assigned and the remaining anions are likely disordered
among the large volume of heavily disordered solvent molecules. In fact, no free
solvent molecules could be assigned with a reliable degree of accuracy (0.25
occupancy was generally used as a cut limit for the refinement of solvent
positions), and 22.6 % of the unit cell volume remains unassigned according to
solvent accessible surface calculated in Mercury, as shown in Figure 42d.

In the crystal lattice, individual C3* cage units are following the FCC
packing model, similarly to assemblies C2 and C3. Each of the C3* cage units are
orientated in the same direction with Nil and Ni2 atoms are laying parallel with
the ac-plane, while Ni3 atoms laying parallel with b-axis (Figure 42e). The
exohedral MeCN bonded to Ni3 nodes are surrounded by PFes anions with
distance between 4.107-4.829 A from CHs group in MeCN molecule to
phosphorus atom in PFe~ (Figure 42f). Furthermore, both Nil and Ni2 nodes
come near to their symmetry twins, with distances of 11.859(3)A and 11.704(3) A
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respectively, and MeCN molecules bonded to those Ni'' nodes come to a distance
of 8.891(3) A for Nil and 8.82(2) A for Ni2 respectively. This leaves enough room
for one PFs~ anion to reside (in a special position) between two C3* cage units
along the Nil and Ni2 planes as shown in Figure 42g. Crystallographic data for
single crystal X-ray measurement of C3* is presented in Appendix 9 Table A8.

FIGURE 42 a) Crystals of C3* b) structure of C3* cage unit including encapsulated
molecules, ¢) metal node, d) solvent accessible surface in unit cell of C3*,
e) packing viewed the crystallographic along b-axis, f) PFs~ anions near Ni3
metal node and g) PF¢~ anions between C3* cage units. Only relevant atoms
are shown.
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6.2.5 [Nis(L2)sCl1a(PF6)s](PF6)14-nCl2+n (C4)

Mixing acetonitrile solution of (L2)-(PFs)3 and ethanol solution of anhydrous
NiCl; in a 4.3 ratio, followed by slow vapor diffusion of chloroform yields green
crystals (Figure 43a) and the X-ray diffraction analysis of crystals revealed a
[Nis(L2)sClia(PF6)6](PFe)14-nClo+n (C4) cube-like structure exhibiting monoclinic
space group C2/c (a = 40.1388(10) A, b = 40.1148(9) A, ¢ = 46.1812(15) A,
a =y =90° B =103.279(3)°, V = 72 371(3) A3, Z = 4). The asymmetric unit consists
of one-half of a C4 cage unit (Figure 43b) and contains three crystallographically
distinct Ni'" ions (Nil, Ni2 and Ni3) each of which exhibit an octahedral
coordination geometry where the four equatorial sites are occupied by ligands
bpy arms and the two axial sites are occupied by chloride anions (Figure 43c).
Two of the metal nodes are disordered over two positions each with a separation
of 0.460(12) A for d(Ni1A-Ni1B) and 0.446(7) A for d(Ni2A-Ni2B) (Figure 43d).
The distances between diagonal Ni' ions are 21.682(15) A for ds(NilA-NilA’),
21.067(18) A for dy(Ni1B-NilB’), 21.034(18) A for dy(Ni2A-Ni2A’), 20.860(15) A
for da(Ni2B-Ni2B’) and 19.385(4) A for dg(Ni3-Ni3’) respectively, while the
distances between nearest Ni"' nodes were between 13.960-15.724 A and the
Ni—Cl distances between 2.14-2.692 A. The bridging angles of bonded ligands in
metal nodes are 171.5(5)°/170.2(5)° for #(L-NilA-L), 167.3(5)°/167.6(5)° for
4(L-NilB-L), 163.2(3)°/174.9(5)° for #(L-Ni2A-L), 172.3(3)°/176.9(5)° for
4(L-Ni2B-L) and 172.5(3)°/175.1(3)° for 4#(L-Ni3-L), presented as
(La—M-L¢)/ (Lo—M-Lug).

The bpy arms of the ligands have bend angles between 104.5-117.4° and one
of the ligands has a single ethyl group disordered between cis- and trans-
conformations with approximate occupancies of 0.333 and 0.667 respectively,
with the trans-conformation further disordered over two orientations with 0.333
occupancies each (Figure 43d). In the asymmetric unit, five zero-valent pyridine
rings are disordered over two orientations with four having approximate
occupancies of 0.50 and 0.50 between orientations and one with approximate
occupancies of 0.75 and 0.25 between orientations, with orientations being
separated by a torsion angle between 78.6-110.1° (Figure 43d). Additionally, one
of the +1-valent pyridine rings including the methylene-bridge between core and
bpy arm is disordered over two positions with approximate occupancies of 0.50
each with a separation of 0.578(3) A between pyridine ring centroids (Figure 43d).
One bowl is occupied by PFe™ anion, while three are occupied by both chloride
and PFe~ anions with approximate occupancies of either 0.50:0.50 (1x) or 0.75:0.25
(2x) for PFe:Cl~. On average, the C4 cage unit thus encapsulates two chloride and
six PFg~ anions. The chloride anions lie between 3.992-4.146 A above the benzene

ring centroid and encapsulated PFe~ anions lie between 5.126-5.155 A from
benzene ring centroid to the phosphorus atom.
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Out of the required 24 non-coordinated anions, 16.5 could be assigned to a
satisfactory level (2x CI- and 14.5x PFs7), which brings the total negative charge
to 28.5 out of 36 required, when the 12 exohedrally coordinated chlorides are
included. Two exohedral chloride anions were observed and nearly all of the
exohedral PF¢~ anions are disordered with approximate occupancies of either
0.25 or 0.50, while being disordered together with solvent molecules (either
MeCN or EtOH) as shown in Figure 43e-f. Additionally, it was possible to assign
all of the required fluorine atoms to all of the PF¢~ anions in s satisfactory level.
The missing 7.5 anions are most likely disordered among the large volume of
disordered free solvents (MeCN, EtOH and CHClz), with an overall 20.5 % of unit
cell volume consisting of disordered molecules based on voids calculated in
Mercury (Figure 439).

a)

FIGURE 43 a) Crystals of C4, b) structure of C4 cage unit including endohedral anions,
c) metal node, d) disorder observed in C4 metal nodes and ligands,
e-f) solvent-anion disorder and g) solvent accessible surface in unit cell of C4,
Only relevant atoms are presented.
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In the crystal lattice, individual C4 cage units are following the FCC packing
model, similarly to assemblies C2-C3* (Figure 44a-b). Each of the C4 cage units
are orientated in the same direction with Ni3 laying roughly parallel with the
(102) lattice plane while Nil and Ni2 atoms are laying roughly perpendicular
with a said plane. All of the Ni''! nodes come near their symmetry twins, with
distances of 9.139(18)/9.13(2) A for Nil, 8.677(17)/8.330(14) for Ni2 and
10.727(3) A for Ni3, while the exohedrally bonded chloride anions are separated
by a distance of 6.80(3)/6.29(3) A for CILA/CI1B and 5.38(3)/5.65(3) A for
CI3A/CI3B respectively. In Ni3 node the chloride atoms (CI5) come near
+1-valent pyridine ring with a distance to +1-valent nitrogen being
3.771(12)74.235(12) A for CI5SA/CI5B. The packing near Ni' nodes is orientated
differently than in C1 or C3* and unlike in C1 or C3* there is not enough room
for anion to reside between two C4 cage units (Figure 44c-f). Crystallographic
data for single crystal X-ray measurement of C4 is presented in Appendix 9 Table
A8.

FIGURE 44  Unit cell packing viewed along the crystallographic a) c-axis, b) (110) lattice
plane, c-d) packing near Nil and Ni2 nodes, and e-f) packing near Ni3 nodes.
Only relevant atoms are shown.
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6.2.6 [Nis(L2)s(MeCN)eBriz.1(PFs)o.9](PFs)22 (C5)

Mixing acetonitrile solution of (L2)-(PFs)3 and ethanol solution of anhydrous
NiBrz in a 4:3 ratio followed by slow vapor diffusion of ethyl acetate yields green-
blue crystals (Figure 45a) and the X-ray diffraction analysis of crystals revealed a
[Nis(L2)s(MeCN)eBriz1(PFe)o9](PFs)22 (C5) cube-like structure (Figure 45b)
crystallizing in tetragonal space group P4./n (a = 41.5335(5) A, b = 41.5335(5) A,
c=457428(7) A, a = =y =90° V =78 907.7(17) A3, Z = 4). Due to high level of
disorder it was not possible to determine the structure to a satisfactory level, and
therefore the assembly was instead determined in a monoclinic space group P2/n
(a = 41.52326(8) A, b = 45.7321(7) A, ¢ = 41.5248(7) A, a =y = 90°, B = 90.088(2)°,
V = 78 871(2) A3, Z = 4). The asymmetric unit contains six crystallographically
distinct Ni'" ions (Ni1l-Ni6) each of which exhibits an octahedral coordination
geometry where the four equatorial sites are occupied by ligands bpy arms and
the two axial sites are occupied by a single endohedral bromide anion and single
exohedral MeCN molecule (Figure 45c). The asymmetric unit of assembly C5
consists of two individual halves of [Nis(L2)s(MeCN)eBrs]30* cationic cages with
slightly different composition of encapsulated anions: C5-1 (Ni1-Ni3) containing
3.64 bromide anions and 0.36 PF¢~ anions, and C5-I1 (Ni4-Ni6) containing 3.46
bromide anions and 0.54 PFs anions. Beyond that only major difference is that
the cationic skeleton of C5-1 is less disordered than the one in C5-11.

The distances between diagonal Ni' ions in C5-1 are 20.543(3) A for
da(Ni1-Ni1’), 20.498(3) A for da(Ni2-Ni2’) and 19.561(5) A for da(Ni3-Ni3’) while
in C5-11 the distances are 20.486(3) A for d4(Ni4-Ni4’), 20.544(3) A for
da(Ni5-Ni5’) and 19.551(5) A for dg(Ni6-Ni6) respectively. The distance between
nearest Ni'' nodes was between 13.786-14.538 A in C5-1 and between 13.755-
14591 A'in  C5-I1. The bridging angles of bonded ligands in metal nodes were
176.5(3)°/178.0(3)° for #A(L-Nil-L), 178.0(3)°/177.4(3)° for #(L-Ni2-L),
177.3(5)°/176.5(3)° for #(L-Ni3-L), 177.1(3)°/173.2(2)° for #(L-Ni4-L),
176.5(3)°/176.8(3)° for #(L-Ni5-L) and 176.8(6)°/171.9(5)° for  #(L-Ni6-L),
presented as (La—M-L¢)/(Lb—M-L4). The bond distance from Ni!' node to
endohedrally coordinated bromide anions is between 2.570-2.627 A, and the
exohedrally coordinated MeCN the bond distances vary between 2.093-2.148 A.
The bend angles of bpy arms are between 95.5-121.4 A and encapsulated
bromide anions lie 4.040-5.173 A above the benzene ring centroid and
encapsulated PFs~ anions lie 4.399-5.462 A above the benzene ring centroid to the
phosphorus atom.

In the asymmetric unit, one of the coordinated bromide anions (Br3) in
C5-1 is disordered over two locations with approximate occupancies of 0.50 each
(Figure 45d), and one of the encapsulated bromide anions is disordered over two
positions with approximate occupancies of 0.85 and 0.15 respectively and with a
separation of 0.744(15) A. The two remaining encapsulated anions consist of PFg"
and bromide anions disordered over the same locations with approximate
occupancies of 0.82 for bromide and 0.18 for PFe~ anions (Figure 45e) in both cases.
Additionally, one of the ligands in C5-I has its benzene core, including ethyl
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groups and methylene bridges, disordered over two positions with approximate
occupancies of 0.50 in each case and separation of 0.682(4) A between benzene
core centroids (Figure 45f). Similarly, in C5-11 one of the coordinated bromide
anions (Br6) is disordered over two locations with approximate occupancies of
0.50 each and one of the encapsulated bromide anions is disordered over two
positions with approximate occupancies of 0.90 and 0.10 respectively and with a
separation of 0.823(18) A. The three remaining encapsulated anions consist of
PFe~ and bromide anions disordered over the same locations with approximate
occupancies of 0.85 for bromide and 0.15 for PFs anions in all three cases.
Additionally, one of the ligands in C5-II has its benzene core, including ethyl
groups, methylene bridges and one of the +1-valent pyridine rings are disordered
over two positions with approximate occupancies of 0.50 each and a separation
of 0.515(3) A between benzene core centroids (Figure 46a). Furthermore, another
ligand has two of its bpy arms, two of the ethyl groups and the remaining
+1-valent pyridine ring disordered over two positions with approximate
occupancies of 0.50 in each case (Figure 46b). Finally, in a third ligand one of the
zero-valent pyridine rings (the one bonded to Ni6) and one ethyl-group being
disordered over two locations with approximate occupancies of 0.50 each (Figure
46¢).

)‘ o ) Lar .
a;p‘ C \

d)

FIGURE 45 a) Crystals of C5, b) structure of C5 cage unit including endohedral bromide
anions, c) metal node, disordered d) bromides in metal nodes, e) encapsulated
anions, and f) ligand in C5-1. Only relevant atoms are shown.
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FIGURE 46 Different types of disorder present in the ligands of C5-11 assembly. Only
relevant atoms are shown.

Out of the required 36 counter anions, 31.25 could be assigned (13.1x Br-
and 18.15x PFs7), with no exohedral bromide anions observed. The missing 4.75
anions are thus most likely consisting of highly disordered PFs~ anions residing
among the large volume of disordered endo- and exohedral solvent molecules
with overall 28.5 % of unit cell volume consists of disordered molecules based on
voids calculated in Mercury (Figure 47a).

In the crystal lattice, individual C5 cage units are following the FCC packing
model, similarly to assemblies C2-C4 (Figure 47b-c). Each of the C5 cage units
are orientated in the same direction with Ni3 and Ni6 nodes laying parallel with
the crystallographic b-axis while Nil, Ni2, Ni4 and Ni5 nodes are laying parallel
to ac-plane. The exohedral MeCN bonded to Ni3 and Ni6 nodes are surrounded
by PFs~ anions with the distance between 3.795-5.02 A from CHs-group in MeCN
molecule to phosphorus atom in PFe~ (Figure 47d). Furthermore, Ni' nodes Nil,
Ni2, Ni4 and Ni5 come near to their symmetry twins, with distances of
11.827(3) A for Ni1, 11.788(3) A for Ni2, 11.783(3) A for Ni4, and 11.841(3) A for
Ni5, with MeCN molecules exohedrally bonded to these Ni'' nodes come to a
distance of 8.89(2) A for Ni1, 8.80(4) A for Ni2, 8.86(2) A for Ni4 and 8.877(19) A
for Ni5. Similarly, to C1 and C3*, this leaves enough room for one PFgs~ anion to
reside (in a special position) between two C5 cage units along the Nil-Ni2 or
Ni4-Ni5 planes as shown in Figure 47e-f. Crystallographic data for single crystal
X-ray measurement of C5 is presented in Appendix 9 Table A9.
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FIGURE 47 a) Solvent accessible surface in the unit cell of C5, packing of C5 cage units
viewed along the crystallographic b) b-axis, ¢) (101) lattice plane, d) PFs~anions
near Ni3 and Ni6 metal nodes, and e-f) PFs~ anions between C5 cage units.
Only relevant atoms are shown.
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6.2.7 [Nis(L2)s(NCS)12(MeCN)s3(PFs)2.7](PFs)21.3 (C6)

Mixing acetonitrile solution of (L2)-(PFe)s and ethanol solution of Ni(SCN). in a
4:3 ratio followed by slow vapor diffusion of ethyl acetate yields blue crystals
(Figure 48a) and the X-ray diffraction analysis of crystals revealed a
[Nis(L2)s(NCS)12(MeCN)s 3(PFs)2.7](PFe)21.3 (C6) cube-like structure (Figure 48b)
exhibiting in a triclinic space group P1 (a = 27.88784(5) A, b = 27.9602(8) A,
c = 29.0693(7) A, a = 62560(3)°, B = 70.3815(19)°, y = 77.8548(19)°,
V = 18 900.3(9) A3, Z = 1). The symmetric unit contains one-half of the C6 cage
unit with three crystallographically distinct Ni'' ions (Nil, Ni2 and Ni3) each of
which exhibits an octahedral coordination geometry where the four equatorial
sites are occupied by ligands bpy arms and the two axial sites are occupied by
thiocyanate anions (Figure 48c), with bond lengths varying between 2.045-
2.077 A. The distances between diagonal Ni" ions are 20.4320(17) A for
da(Ni1-Ni1’), 20.0324(17) A for dy(Ni2-Ni2’), and 21.3767(17) A for da(Ni3-Ni3")
respectively, while the distance between nearest Ni'' nodes are between
13.869-15.388 A. The bridging angles between coordinated ligands are
177.86(11)°/177.37(14)° for £(L-Nil-L), 174.71(14)°/178.66(14)° for £(L-Ni2-L)
and 179.24(12)°/178.22(14)° for £(L-Ni3-L), presented as (La—M-L¢)/(Lo—M-La).

The ligands possess an all-trans-conformation regarding the ethyl-groups,
with the bent angles of bpy arms being between of 112.8-115.5°. The ‘bowls’ are
occupied by overlapping MeCN molecules and PF¢~ anions with approximate
occupancies of 0.50:0.50, 0.80:0.20 (2x) or 0.55:0.45 (MeCN:PFs"). These molecules
are highly disordered, and it was not possible to assign all of the required atoms
to a satisfactory level (Figure 48d). Encapsulated MeCN lies between 3.83—
4.000 A from benzyl ring centroid to nitrogen of MeCN molecule, whereas PFg
anions are located between 4.965-5.628 A from benzyl ring centroid to
phosphorus of the anion. In the metal nodes, the exohedral NCS- anions are near
linear (2(NCS): 179.0(4)°, 177.7(4)° and 178.9(3)° for Nil1, Ni2 and Ni3 respectively)
while the bent angle of £(Ni-N-S) was 166.21(16)°, 146.32(16)° and 156.39(14)°
for Nil, Ni2 and Ni3 respectively. Contrastingly, the endohedral NCS- anions are
disordered over three orientations in such a manner that the nitrogen atom has a
full occupancy, the carbon atom is disordered over two positions with 0.50
approximate occupancies each and the sulphur atom is disordered over three
positions with approximate occupancies of 0.50, 0.35 and 0.15 respectively
(Figure 48e). No free exo- or endohedral thiocyanate anions were observed.

No considerable disorder was observed in the MgLg skeleton itself, outside
single the ethyl-group being disordered over two orientations with approximate
occupancies of 0.75 and 0.25 respectively (Figure 48f). All of the expected 36
anions could be assigned (12x NCS- and 24x PFg"), with multiple PFs~ anions
being disordered between themselves or with solvent molecules (Figure 48g-h)
and similarly several solvent molecules are disordered among themselves with
varying degree of disorder (Figure 48i). Overall, 11.0 % of unit cell volume
remains unmodelled according to solvent accessible surface calculated in
Mercury as shown in Figure 48;.
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FIGURE 48

a) Crystal of C6, b) structure of C6 cage unit including encapsulated molecules,
and c¢) metal node. Disordered nature of d) encapsulated molecules,
e) thiocyanate anions, and f) ethyl-group. Examples of disorder between
exohedral g) PF¢~ anions, h) anion-solvent, and i) solvent-solvent overlap, and
j) solvent accessible surface in unit cell of C6. Only relevant atoms are shown.
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In crystal lattice each corner of the unit cell houses one of the C6 cage units
(origin lies middle of the C6 cage unit) and each cage is orientated so that the
cage axis formed via Nil-Nil is roughly parallel to the crystallographic b-axis and
axis formed via Ni3-Ni3 is roughly parallel to a-axis. Individual C6 cage units are
following the FCC packing model, similarly to assemblies C2-C5 (Figure 49a-b).
Furthermore, Ni' nodes Nil and Ni3 come near to their symmetry twins, with
distances of 8.4187(14) A for Nil and 7.8078(15) A for Ni2 with exohedral NCS-
anions bonded to these Ni" nodes being separated by a distance of 5.139(4) A for
Nil and 4.968(4) A for Ni3, measured from sulphur atom to nitrogen atom
(Figure 49c-d). Similarly to assembly C4, there is no room for PFs~ anions to reside
between Nil or Ni2 nodes. Crystallographic data for single crystal X-ray
measurement of C6 is presented in Appendix 9 Table A9.

FIGURE 49 a) Unit cell packing viewed along (111) lattice plane, b) unit cell packing
viewed along the crystallographic a-axis, and c-d) proximity of Nil and Ni3
metal nodes in crystal lattice. Only relevant atoms are shown.



108

6.2.8 [Nis(L2)sCl20](NTT2)12Cls (C7)

Mixing acetonitrile solution of (L2)-(NTf2)s and ethanol solution of anhydrous
NiClz in a 4:3 ratio followed by slow vapor diffusion of chloroform yielded green
crystals and the X-ray diffraction analysis of crystals revealed a
[Nis(L2)sCl20](NTf2)12Cls (C7) cube-like structure (Figure 50a) exhibiting in a
trigonal space group R3c (a = b = 31.1670(3) A, ¢ = 124.0564(10) A, « = 8 = 90°,
y = 120°, V = 118184.9(19) A3, Z = 6). The asymmetric unit contains one-sixth of
the C7 cage unit with one crystallographically distinct Ni'' ion, Nil, exhibiting an
octahedral coordination geometry where the four equatorial sites are occupied
by bpy arms of ligands, and the two axial sites are occupied by chloride anions
(Figure 50b). The bond lengths of d(Ni-Cl) are 2.398(2) A and 3.4370(18) A for
endo- and exohedral CI- anions with #£(CI1-Ni1-Cl2) being 178.92(6)°. The
distance between diagonal Ni'" ions is 20.415(2) A and the distance between the
nearest Ni'' nodes varies between 13.9760-14.990 A, while the bridging angles
between bonded ligands are 175.75(19)° and 178.42(12)° for #(La—Nil-L¢) and
4(Lp—Nil-Lq) respectively. The ligands possess an all-trans-conformation
regarding the ethyl-groups, with the bent angles of bpy arms being between of
112.9-114.6°. Due to the large size of the bistriflimide anion, NTf.~, it does not fit
well inside the bowl (see p. 86) and subsequently the bowl is occupied by chloride
anion instead. The remaining charge of the cationic cage is balanced out via
exohedral NTf;~ and CI- anions which exist in 12:3.5 ratio of NTf,~:Cl-, with the
missing 0.5 negative charge most likely belonging to highly disordered chloride
anion. Overall, the 21.5 % of the unit cell volume remains unmodelled according
to solvent accessible surface calculated in Mercury as shown in Figure 50c.

by Le

FIGURE 50 a) Structure of C7 cage unit including encapsulated anions, b) metal node,
c) solvent accessible surface in unit cell of C7. Only relevant atoms are shown.
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In the crystal lattice 125 of NTf,~ anions are disordered over three locations
around a 3-fold rotation axis (symmetry operations -y, x-y, z and —x+y, =X, z) SO
that the NTF,™ anion directly above the benzene core of a ligand has approximate
occupancy of 0.333 while the two NTf;~ anions surrounding the benzene core
have approximate occupancies of 0.667 (Figure 51a). Additionally, there is one
chloride anion disordered over six positions around the 3-fold rotation axis with
approximate occupancies of 0.167 each (Figure 51b). One chloroform molecule
laying on the 3-fold rotation axis is fulfilled by symmetry and is surrounded by
three C7 cage units (Figure 51c) with a distance of 5.2532(4) A from the benzene
ring centroid to the carbon atom of chloroform. On the 3-fold rotation axis two
C7 cage units are separated by a distance of 31.0794(3) A and the space between
is occupied by previously mentioned NTf,~ anions, two CHCIz molecules, one
disordered chloride ion and disordered MeCN molecule (Figure 51d).

FIGURE 51 a) Three orientations of NTf,~ anions, b) anions located around a 3-fold rota-
tion axis, ¢) CHCIz; molecule between C7 cage units, and d) anions and solvents
between C7 cage units. Only relevant atoms are shown.
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The chloride ion is disordered over two positions with approximate occupancies
of 0.25 each and MeCN molecule is disordered over six orientations across a
special position with approximate occupancy of 0.083 for N and CH3z atoms while
Cislocated in a special position with approximate occupancy of 0.50 (Figure 52a).
Each zero-valent pyridine ring is disordered over two orientations with
approximate occupancies of 0.50 each and torsion angles between different
orientations being 73.2-98.5° (Figure 52b). Additionally, the second ligand has
the CHs of ethyl-group disordered over two orientations with approximate
occupancy of 0.50 (Figure 52c). In the crystal lattice, Nil metal nhodes come near
their symmetry twins in different C7 cage units in a similar manner to assembly
C4 (Figure 52d), as on all three Ni-Ni axes have a distance between Nil nodes
being 8.711(3) A and the distance between chloride atoms being 5.553(2) A. In the
crystal lattice, the individual C7 cage units follow the FCC packing model,
similarly to assemblies C2-C6 (Figure 53a—c). Crystallographic data for single
crystal X-ray measurement of C7 is presented in Appendix 9 Table A9.

FIGURE 52 a) Disordered MeCN molecule and CI- anion with N and CHs; groups fully
overlapped (only CH3; shown) due to 180° orientational disorder with itself,
b-c) disordered observed in the ligands of C7 cage unit, d-e) proximity of Nil
metal nodes in crystal lattice. Only relevant atoms are shown.
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FIGURE 53 a) FCC packing in C7, b) unit cell packing viewed along the crystallographic
b-axis, and c) unit cell packing viewed along (421) lattice plane. Only relevant
atoms are shown.
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6.2.9 [Nig(L2)sBria(MeCN)e](NTF2)21-nBri+n (C8)

Mixing acetonitrile solution of (L2):(NTf2)s and anhydrous ethanol solution of
anhydrous NiBrz in a 4:3 ratio followed by slow vapor diffusion of ethyl acetate
yields pale blue crystals and the X-ray diffraction analysis of crystals revealed a
[Nis(L2)sBria(MeCN)e](NTf2)21-nBri+n (C8) cube-like structure (Figure 54a)
exhibiting in a monoclinic space group C2/c (a = 41.0344(6) A, b = 40.4562(9) A,
c = 49.2477(8) A, a =y = 90°, B = 100.310(2)°, V = 80 436(3) A3, Z = 4). The
asymmetric unit consists of one-half of a C8 cage unit and contains three
crystallographically distinct Ni'' ions (Nil, Ni2 and Ni3) each of which exhibit an
octahedral coordination geometry where the four equatorial sites are occupied
by ligands bpy arms, the two axial sites are occupied by exohedral bromide anion
and either endohedral MeCN molecule or bromide anion with approximate
occupancies of 0.75 and 0.25 respectively (Figure 54). The distances between
diagonal Ni' ions are 21.263(2) A for dg(Ni1-Nil’), 21.119(2) A for dy(Ni2-Ni2’)
and 20.809(2) A for dy¢(Ni3-Ni3’) respectively, while the distance between the
nearest Ni"' nodes was between 14.673-15.060 A, the d(Ni-Br) between 2.586—
2.710 A and d(Ni-MeCN) between 1.908-1.990 A. The bridging angles of bonded
ligands in Ni'! metal nodes were 179.0(2)°/178.2(2)° for #(L-Nil-L),
177.8(3)°/178.6(2)° for #(L-Ni2-L), and 177.52(17)°/177.2(2)° for #(L-Ni3-L)
respectively, presented as (La—M-Lc)/(Lo—M-Laq).

© mixed Br/MeCN Br~only

FIGURE 54 a) Structure of C8 cage unit including encapsulated Br- anions, and
b) metal nodes. Only relevant atoms are shown.
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All of the ligands possess an all-trans-conformation regarding the ethyl-
groups, with the bent angles of bpy arms being between of 113.3-115.7°, and the
‘bowls’ are occupied by Br- anions laying between 4.201-4.223 A above the
benzyl ring centroid or by MeCN solvent molecules located between 3.170-
3.210 A from benzyl ring centroid to the nitrogen atom of the solvent. Out of
expected 36 counter anions, a total of 24 (15x Br-and 9x NTf,"), could be assigned
to a satisfactory level, with one of the NTf,~ anions being disordered to a point,
where it was not possible to attain correct geometry nor to assign some of the
fluorine or oxygen atoms. A single exohedral bromide anion was observed with
the remaining exohedral anions consisting of NTf,-anions in 1:9 ratio of Br:NTf,~.
The remaining 12 anions are probably a mixture of both Br and NTf, anions being
severely disordered among the large volume of disordered free solvents (only
one free MeCN molecule could be assigned with an approximate occupancy of
0.25), with overall 25.4 % of unit cell volume consists of disordered molecules
based on voids calculated in Mercury (Figure 55).

FIGURE 55 Solvent accessible surface in unit cell of C8.

In the crystal lattice, individual C8 cage units are following the FCC packing
model, similarly to assemblies C2-C7 (Figure 56a-b). Each of the C8 cage units
are orientated in the same direction with Ni3 laying roughly parallel with the
(102) lattice plane while Nil and Ni2 atoms are laying roughly perpendicular
with said plane. All of the Ni'" nodes come near their symmetry twins, with
distances of 9.009(2) A for Ni1, 8.969(2) A for Ni2 and 11.930(3) A for Ni3, while
in the Nil and Ni2 nodes, the exohedrally bonded bromide anions are separated
by a distance of 5.9427(14) A for Brl and 5.7524(16) A for Br3 respectively
(Figure 56¢-d). In Ni3 node the bromide atom (Br5) comes near +1-valent
pyridine ring with a distance to +1-valent nitrogen being 3.916(6) A (Figure
56e-f). Crystallographic data for single crystal X-ray measurement of C8 is
presented in Appendix 9 Table A9.
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FIGURE 56 Unit cell packing viewed along the crystallographic a) c-axis, b) (110) lattice
plane, c-d) packing near Nil and Ni2 nodes, and e-f) packing near Ni3 nodes.
Only relevant atoms are shown.
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6.2.10 [Cue(L2)s(MeCN)12(PFs)s](PFs)2s (C9)

Refluxing acetonitrile solution of (L2)-(PFs)3 with an excess solid CuSCN
overnight, followed by filtration through Celite® S and slow evaporation under
1,4-dioxane atmosphere yields blue crystals and the X-ray diffraction analysis of
crystals revealed a [Cus(L2)s(MeCN)i2(PFs)s](PFs)2s (C9) cube-like structure
(Figure 57a-b). Assembly C9 exhibits in a tetragonal space group 14/m
(a = 29.6094(5) A, b = 29.6094(5) A, ¢ = 46.5947(10) A, « = 8 = y = 90°,
V =40 850.3(13) A3, Z = 2), but due to the high level of disorder it was not possible
to determine the structure to a satisfactory level, and therefore the assembly was
instead determined in a monoclinic space group 12/m (a = 29.124(10) A,
b = 49.5621(13) A, ¢ = 29.124(10) A, a =y = 90°, £ = 90.012(3)°, V = 40851(2) A3,
Z =2). Interestingly, C9 possesses Cu'' metal nodes rather than Cu', which means
that Cu' must have oxidized during the reflux. Furthermore, if the reaction is
done at room temperature, an (M:L1)n 1D-MOF is obtained (see Appendix 3)
instead of MesLs assembly.

The asymmetric unit of C9 contains one-fourth of the cage unit with three
crystallographically distinct Cu' ions (Cul, Cu2 and Cu3) residing disordered in
special positions with Cul and Cu2 being disordered over three positions with
approximate occupancies of 0.50:0.25:0.25 respectively for both nodes, whereas
Cu3 is disordered over six positions with approximate occupancies of
0.25:0.25:0.125:0.125 respectively (Cu3C and Cu3D reside in two positions
fulfilled by symmetry). Each metal node exhibits an octahedral coordination
geometry where the four equatorial sites are occupied by ligands bpy arms and
the two axial sites are occupied by MeCN molecules (Figure 57c¢). The
coordination bond length between Cu'' nodes and MeCN varies between 2.220—
2.64 A, measured from disordered metal node centroid to nitrogen of the MeCN
molecule. The distances between diagonal Cu'' ions are 20.557(4) A for
do(CulA-CulA’), 21.41(2) A for d¢(CulB-CulB’), 19.634(19) A for
dg(CulC-CulC’), 20.599(4) A for dy(Cu2A-Cu2A’), 19.671(18) A for
da(Cu2B—Cu2B’), 21.48(2) A for dy(Cu2C—-Cu2C’), 20.80(3) A for dg(Cu3A-Cu3A),
19.05(2) A for dg(Cu3B-Cu3B’), 20.16(4) A for da(Cu3C-Cu3C’), and 20.16(4) A for
dda(Cu3D-Cu3D’) respectively, while the distance between nearest Cu'' nodes was
between 13.81-14.97 A. The bridging angles between coordinated ligands in Cul
and Cu2 nodes are 176.9(2)° for #(L-CulA-L), 157.6(6)° for #(L-CulB-L),
151.7(5)° for #(L-CulC-L), 177.1(3)° for #(L-Cu2A-L), 151.4(5)° for
4(L-Cu2B-L) and 157.9(6)° for #(L-Cu2C-L) with no difference between
(La—M-L¢)/(Lb—M-Lg), whereas in Cu3 node the bridging angles are
175.8(7)°/173.8(8)° for 4(L-Cu3A-L) and 165.1(9)°/164.1(10)° for #(L-Cu3A-L),
147.1(8)°/145.8(7)° for #(L-Cu3B-L), 169(3)°/163(2)° for #(L-Cu3C-L) and
162(2)°/166(3)° for £(L-Cu3D-L) presented as (La—M-Lc)/(Lo—M-Lg4). All of the
ligands possess an all-trans-conformation regarding the ethyl-groups, with the
bent angles of bpy arms being between of 111.3-116.6°. The ‘bowls’ are occupied
by PFs~ anions with a distance between 5.207-5.216 A from benzyl ring centroid
to phosphorus of the anion.
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FIGURE 57 a) Crystals of C9, b) structure of C9 cage unit including encapsulated PFs~
anions, and c) metal node. Only relevant atoms are shown.

One of the ligands has two ethyl groups and two +1-valent pyridine rings
disordered over two positions, and additionally two zero-valent pyridine rings
disordered over two orientations with approximate occupancies of 0.50 each. The
+1-valent pyridine rings are separated by distances 0.293(8) A and 0.556(9) A,
while the torsion angles between zero-valent pyridine rings are 111.3(4)° and
79.2(5)° (Figure 58a). Another ligand has all ethyl groups and one zero-valent
pyridine ring disordered over two positions and two +1-valent pyridine rings
disordered over two orientations disordered with approximate occupancies of
0.50 each. The +1-valent pyridine rings are separated by a distance of 0.336(4) A,
while the torsion angles between zero-valent pyridine rings are 65.9(3)° and
77.7(5)° (Figure 58b).

Out of the required 36 counter anions, 30 PFs~ anions could be assigned, and
only a few of the fluorides on PFe~ anions could not be assigned due to disordered
nature of exohedral anions. Furthermore, no free solvent could be assigned,
which leaves 22.5 % of the unit cell unassigned (Figure 58c), according to solvent
accessible voids calculated in Mercury. The missing anions are most likely
disordered among the said unassigned volume and likely consist of PFs~ anions.
Interestingly no coordinated, encapsulated or free thiocyanate anions were
observed in the assembly C9, and similarly, no thiocyanate anions were observed
in Cu'-MOF ML1. Thus indicating that SCN- is not preferred in Cu' or Cu! metal
coordination over MeCN solvent molecules or as counter anion for ligands over
PFs~ anions, when paired with (L2)-(PFs)s ligand, although it might be possible
that very few seriously disordered SCN- anion exists among the disordered
solvent volume.
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FIGURE 58 a-b) The disorder observed among ligands, and c) solvent accessible surface in
unit cell of C9. Only relevant atoms are shown.

In the crystal lattice, the C9 cage unit follows the same BCC packing motif
observed in C1, where one entire C9 cage unit is in the middle of the unit cell and
eight C9 cage units are located in the corners of the unit cell (Figure 59a-b) with
exohedral anions and free solvent molecules occupy the remaining space. Each
of the C9 cage units are orientated in the same direction with Cu3 laying parallel
with the b-axis and Cul and Cu2 atoms laying parallel with ac-plane. In the lattice,
MeCN bonded to Cu3 node is surrounded by four PFs~ anions (P3 and P4, two of
each) molecules with the distance of 4.643-4.649 A from CHs-group in MeCN
molecule to phosphorus atom in PFs~ (Figure 59c). Furthermore, the Cul and Cu2
nodes come near to each other’s symmetry equivalents in different C9 cage units,
with separation between metal nodes being 11.952(7) A for d(CulA-CulA’) and
11.936(6) for d(Cu2A-Cu2A’), respectively. Accordingly, the distance from a
nitrogen atom of MeCN molecule to carbon atom in methyl group of the
opposing MeCN molecule (see Figure 59d-e) is either 8.765(16) A or 8.92(3) A for
MeCN bonded to Cul and Cu2 respectively. This leaves enough room for one
disordered hexafluorophosphate anion between two C9 cage units along the Cu2
plane as shown in Figure 59d-e. Crystallographic data for single crystal X-ray
measurement of C9 is presented in Appendix 9 Table A9.
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FIGURE 59 a) Unit cell packing viewed along the crystallographic a-axis, b) unit cell
packing viewed along b-axis, ¢) PFs- molecules near Cu3 metal nodes and d-e)
PF¢~ anions between C9 cage units. Only relevant atoms are shown.
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6.2.11 Post-synthetic anion exchange studies

Assemblies C3-C8 possess the same supercationic [Nig(L2)s]36* skeleton, with the
similar skeleton also obtained with Cu" (C9) or by pairing Cu" with L1 (C1 and
C2). Looking at assemblies C1-C9, it would seem so that the same [MsLg]3¢+ motif
is achieved regardless of counter anions of utilized metal or ligand salts with the
main differences between assemblies rising from the solvent and/or anion
molecules that are either coordinated to the metal node or encapsulated within
the cage unit itself. With the knowledge that the Ni(NCS). salt was prepared from
NiCl> via anion exchange with NHsNCS (see section 5.3.2), it might be then
possible to exchange the chloride anions located in the axial binding sites of the
metal node of C4 cage unit to thiocyanate anions with addition of NH4NCS.

To test this postulation, first a 2 ml MeCN/MeOH solution of C4 with a
concentration of 1.25 mmol L1 was prepared and this solution was left in a closed
vial for two days to maximize the formation of C4. Then a stoichiometric amount
(2.284 mg, 30 pmol) of NH4NCS dissolved in 0.5 ml of methanol was added to
solution of C4. Following the addition, the green color of C4 solution turned
towards greyish-green and slow vapor diffusion of CHCIz yielded blueish
crystals. X-ray diffraction analysis of said crystals revealed a new compound
(C10, see Appendix 4) which had both CI- and NCS- anions bonded to the axial
sites of the metal nodes. Thus, indicating that it would be possible to exchange,
at least partially, the atoms or molecules coordinated in axial positions in the
coordination sphere of Ni'' node. This then led to the question of whether or not
it would be possible to obtain one or more compounds via a simple anion
exchange, e.g. by first preparing compound C3* which only has MeCN
molecules in axial positions, and then adding suitable ammonium salt to
exchange these to chloride, bromide or thiocyanate anions to obtain the same
structural motifs as described for C4-C6 (Scheme 44).
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SCHEME 44 Potential post-synthetic route for modification of metal nodes in C3* cage unit.
X represents halide or NCS-anion.
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To examine this possibility, three 2 ml MeCN solutions of C3* with a
concentration of 1.25 mmol L1 (15 pmol of Ni') were prepared and these were
left in closed vials for two days to maximize the formation of C3* in solution.
Next stoichiometric amounts of NH4CI (1.605 mg, 30 pmol), NH4Br (2.938 mg,
30 pmol) and NHsNCS (2.284 mg, 30 pmol) dissolved in 0.5 ml of MeOH were
added respectively to three vials containing acetonitrile solution of C3*. With
addition of ammonium salt solution, the lilac color of C3* solution changed
almost immediately to color corresponding to that observed earlier with C4, C5
or C6 containing solutions shown in Figure 60. Crystallization of these
complexation solutions yielded crystals that closely matched both visually and
by unit cell determination to the characterized crystal structures of C4-6.

C3* C4 C5 C6

FIGURE 60 1.25 mmol L-! solutions of MsLs assemblies C3*—C6.

Despite the observations made it was not yet ascertained that these post-
synthetically prepared ‘new’ compounds were the exact replicas of previously
afforded MeLs assemblies, as made by simply adding stoichiometric amounts of
ammonium salts to replicate the original structures with equivalent molar ratios
of respective anion types. The main issue is that despite compounds C4-C6
starting with same the metal-halide (M:X) ratios of 6:12, the ratio in single crystal
structure is different; 6:16 in C4, 6:13.25 in C5 and 6:12 in C6. Additionally, the
metal nodes in C4 and C6 have the composition of NiLsX2, while in C5 it is
NiL4(MeCN)X and the bowls encapsulate X-/PF¢~in C4, X in C5and MeCN/PFg~
in C6. In principle, by extrapolating from the structures made via metal salt
complexation (C1-C9), by varying the amount of ammonium salt added, i.e.
adding NH4X in 6:1, 8:1, 12:1, 14:1 or 20:1 molar ratios (NHsX:MsLs), it should be
possible to obtain assemblies with eight different idealized anion compositions,
as shown in Table 4.
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TABLE 4 Idealized cage compositions.

Type | exo endo | bowl Composition Cage:X:A
1 MeCN | MeCN A [MgLg(MeCN);,136+ o (8 A7) 1.0:8
2 | MeCN | MeCN | X | [McLg(MeCN),,136* > (8 X~) 1:8:0
3 | MecN | x- A | [MeLg(MeCN) X3+ 5 (8 A7) 1:6:8
4 X- | MeCN | A~ | [McLg(MeCN) X3+ o (8 A7) 1:6:8
5 | MeCN | x- X= | [MgLg(MeCN) X I3+ 5 (8 X) 1:14:0
6 X- | MeCN | X | [McLg(MeCN)X(]3* 5 (8 X™) 1:14:0
7 X- X- A~ | [MeLeX, 124 o (8 A7) 1:12:8
8 X- X- X- | [MgLgX1,?* o (8 X) 1:20:0

A represents PFs~ or ClO4~ and X represents halide or NCS™ anion

However, the problem arises with the uncertainty of the outcome, as with
addition of NHsX, e.g. in a 12:1 ratio, can lead to the formation of any of the eight
possible assemblies with varying yields and/or possible mixed combinations.
Due to somewhat limited availability of data collection time, the relatively long
crystallization time and typically a minimum of 48 hours of data recording time
to achieve a single-crystal structure of MeLg assemblies, it was simply not feasible
to measure all the possible combinations of NH4X with described molar ratios
within the scope of this dissertation. Instead to see what effect the addition of
different molar ratios of NH4X has on the system it was decided to simplify the
test by choosing a single ammonium halide salt with two different molar ratios.

Nickel iodide was originally considered one of the metal sources in creation
of possible metal-organic assemblies, but due to negligible solubility to
everything else but water, Nil> was excluded from plausible metal sources as so
far no MeLs assemblies could be crystallized from solutions containing water.
Therefore, when deciding on which ammonium halide would be used in post-
synthetic anion exchange, ammonium iodide (NHasl) was chosen as this would
potentially create new NigLg assemblies. Two different stoichiometric amounts of
NHal, 8:1 and 20:1, were chosen; using 8:1 would in theory yield type 2, 3 or 4
assemblies (Table 4) with excess NHal left behind in types 3 and 4, and 20:1 would
have enough iodide to either fully replace all MeCN and PFs~ molecules within
the bowl (Type 8) or subsequently form any of the other six types containing
halide anions. The 12:1 stoichiometry (Type 7), which would be equivalent of
using Nilz, was not chosen, in order to create a larger difference between the two
different stoichiometric amounts used.
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First two 2 ml MeCN solutions of C3* with a concentration of 1.25 mmol
L-1 were prepared as previously mentioned and stoichiometric amounts of NHal
in 8:1 ratio (2.899 mg, 20 pmol) and 20:1 ratio (7.247 mg, 50 pmol) were dissolved
in 0.5 ml of methanol. Upon addition of colorless methanolic solution of NHal,
the lilac color of the solution containing the assembly C3* turned into yellow
(Figure 61a), and slow vapor diffusion of EtOAc yielding yellow crystals in both
cases (Figure 61b-c). X-ray diffraction analysis of said crystals revealed that the
two different NH4l stoichiometries used produced assemblies with different
iodide concentrations. In case of 8:1 ratio of NH41:C3*, the obtained assembly C11
contains 5.3 iodide atoms; 1.5 endohedrally coordinated to metal node, 2
encapsulated within the cage unit and 1.8 as free exohedral anions (see Appendix
5). Comparatively, in case of 20:1 ratio of NH4l:C3*, the obtained assembly C12
contains 21.33 iodide atoms; 3.75 endohedrally coordinated to metal node, 4.25
encapsulated within the cage unit and 13.33 as free exohedral anions (see
Appendix 6).

8:1 20:1

FIGURE 61 a) Solutions of assembly C3* after addition of NHa4l, b) crystals obtained from
8:1 ratio of NH4I:C3*, and c) crystals obtained from 20:1 ratio of NH4l:C3*.

This brief anion exchange test therefore shows the plausibility to exchange
the solvent molecules filling the axial sites of the metal nodes, the anions
encapsulated within the cage and/or the exohedral free anions. It also shows that
simply adding the ‘correct’ amount of halide anions to the solution containing
C3* cage unit may not produce the idealized cage composition as 8:1 (as
NH4l:C3*) addition produced an assembly (C11) with 1=:C3* ratio of 5.63:1 while
20:1 addition produced an assembly (C12) with I7:C3* ratio of 21.33:1. More over
while majority of iodide anions in C11 are endohedral, in C12 the majority of
iodide anions are exohedral. Together with anion compositions of assemblies C4—
C6, there seem to be different preferences whether ClI-, Br-, I- or NCS~ anions are
coordinated to metal nodes, encapsulated within a cage unit or remain free
exohedral anions. And so, even though the aforementioned additions of NHal,
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NH4Br and NH4NCS to the solution containing C3* produced crystals with same
unit cells as the ones obtained using NiClz, NiBr2 or Ni(SCN)z, the actual anion
composition might be completely different. Thus, more detailed post-synthetic
anion exchange study would be necessary to conclusively determine of how
controllable the introduction of anions into axial sites of metal nodes is, and how
to control the exchange of the encapsulated anions.

6.2.12 1H NMR studies of C3* assembly

Lilac crystals of assembly C3* were isolated from the crystallization solution,
rinsed with acetonitrile, and dried overnight under N.-stream to obtain opaque
pale blue pseudocrystals of C3*. A sample of mentioned crystals was dissolved
in deuterated acetonitrile (CD3CN) and 'H NMR spectrum was measured the
next day at 30 °C using Bruker Avance Il 500 spectrometer and the obtained
spectrum was compared to that of non-coordinated starting ligand (L2)-(PFs)3 as
shown in Figure 62. The 1H NMR spectra (Bruker Avance Il HD 300) of a free
ligand (L2)-(PFs)s shows clear peaks reminiscent of the ones reported by Belcher
et al.153 together with a peak at 2.14 ppm attributed to water due to slightly wet
CDsCN solvent. Comparatively, the IH NMR spectra of C3* shows a clear change
in chemical shifts related to aromatic bpy protons Hi—Hs with the pattern of
peaks indicating the presence of a single complex. The presence of residual free
ligand peaks is likely due to minor decomposition of C3* during the drying
process and water peak around 2.14 ppm is due to wet CD3CN solvent.
Additionally, peaks for EtOAc (Ha—H.) are also present, with a peak for CH3CO
(Ha) overlapping with both CDsCN residual signal and free CH3CN signal. The
spectrum of C3* shows broadening and loss of multiplicity for all peaks related
to ligand L2 (H1-H7), but not with peaks related to EtOAc or free ligand, while
the two peaks closest to Ni'' node have drastically moved downfield and appear
as board low-intensity peaks around 39.1 ppm and 37.4 ppm respectively. This
shift to downfield and broadening of H signals is characteristic of six-
coordinated paramagnetic Ni'' complexes.159.160 Qverall, this indicates that once
crystalized, assembly C3* can be redissolved while attaining the [Nig(L2)s]36*
moiety in solution.

Though immediate color change occurs when ligand solution is mixed with
the metal salt solution, indicating that the MelLs assemblies form almost
instantaneously upon mixing said solutions, it is not guaranteed that the
formation of MeLs is similarly instantaneously complete. To test this, ITH NMR
spectra were measured from in situ prepared sample of C3* by first dissolving
(L2)-(PFe)3 and [Ni(MeCN)g](PFe). individually in CD3CN and these solutions
were then mixed 5 minutes before the tH NMR measurement was performed.
The measured spectrum (Figure 63) shows similar 1H signal broadening and shift
to downfield as observed with crystallized C3*, indicating that the formation of
C3* cage unit in solution is rather quick, but not complete as the signals of free
ligand are present with a larger concentration than compared to ones observed
in the spectrum of crystallized C3*.



124

N | _———— H; H, H;
® N =
N /U He
|\ Hy H;
N+’
| SNF | X
NN Yiree
| NS
N~ v

CDsCN

Hs H,

Hs

[0} Hb H5
H; 0)\/Hc Hp
Free ligand
|
! 1 ! ! ! ! ! T T T T T T T T T T
41 40 39 38 37 ppm A\ 10 9 8 7 6 5 4 3 2 1 ppm

FIGURE 62 Comparison of tH NMR spectra of the free ligand (L2)-(PFs)s (300 MHZz) with
complex C3* (500 MHZz) in CDsCN.
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FIGURE 63 1H NMR spectrum of the in situ prepared complex C3* (300 MHz) in CD3sCN.

6.2.13 Summary of MesLg assemblies

The aforementioned crystalline assemblies C1-C12 possess, in general, identical
structural geometry regarding to the supercationic [MsLsg]3¢*, where M is either
Cu'm or Ni", with the main physical differences being the axially coordinated
solvent molecules and/or anions in the metal nodes and the composition of
encapsulated anions or solvents. Each assembly possesses a syn-conformation
regarding the bpy arms of the ligands utilized and the average bend angles of
bpy arms were; C1: 113.5 + 0.6°, C2:114.1 + 3.5° (c.f. free (L1)-(PFe)3: 113.5+ 1.1°),
C3:1135+2.0°,C3*: 114.7 +1.4°,C4:112.9 £ 3.1°,C5: 112.1 +5.5,° C6: 114.2 £ 0.7°,
C9: 113.6 + 2.2°, C10: 114.0 £ 1.1°, C11: 1149 + 2.3°, C12: 1155 + 6.4° (c.f. free
(L2)-(PFe)3: 115.7°), C7: 113.5 + 0.8° and C8: 114.4 + 0.9° (c.f. free (L2)-(NTf,)s:
112.9+1.1°). Typically, two or four of the bpy arms (out of 24 total) have a larger
bend angle than the rest in order to accommodate the formation of the MeLs
assembly. The general compositions of the obtained assemblies are described in
Table 5. All attempts of using L-Brz as a starting ligand yielded no crystals likely
due to their sparing to negligible solubility to solvents used in the crystallizations,
as L-Brs are essentially only soluble in water and methanol. In water, no
complexation occurs and even with the obtained assemblies, water causes rapid
decomposition of the structures by dissolving the metal cation as an aqua ion,
and in a high enough concentration, water causes the hydrophobic L-(PFe)3 or
(L2)-(NTf.)s to precipitate out of the solution. In contrast, reacting the methanolic
solution of L-Brz with a metal salt, leads to immediate precipitation of near
insoluble powder-like substance. For these reasons L-(PFe)3 or (L2)-(NTf.)s were
used in constructing obtained MeLg assemblies.
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TABLE 5 General composition of obtained MsLs assemblies.

Name | Metal salt | Ligand Max(endo)?2 Max(exo)?2 bowla exo anion(s)2
C1 Cu(OTf), | (L1)-(PFe)s MeCN MeCN PFs~ /MeCN | PFg~
C2 Cu(ClOs); | (L1):(PFe)s | MeCN MeCN ClOs~ /MeCN | ClO4~ /PFs™
Cc3 Ni(NOs). | (L2)-(PFe)s MeCN MeCN PFs~ PFs~ /NO3~
C3* Ni(PFs)2 (L2)-(PF¢)s MeCN MeCN PFs™ PFs™
C4 | NiCl (L2)-(PFe)s | CI- cI- PFs~ /CI- PFs~ /CI-
C5 NiBr; (L2)-(PFe)3 Br- MeCN Br~ /PFs~ PFs~
C6 Ni(NCS), | (L2)-(PFe)s NCS™ NCS™ MeCN/PFs~ | PFe~
c7 NiCl, (L2)-(NTf); | CI- cI- cI- NTf,~
C8 NiBr, (L2):(NTf2)s | Br- /MeCN Br- Br- NTf,~ /Br~
C9 CuNCS (L2)(PFe)s MeCN MeCN PFs~ PFs~
C10 | NiCl; (L2)-(PFe)s NCS~ /CI- NCS~ /ClI- Cl~ /PF¢™ PFe~ /CI-
C11 | Ni(PFe): (L2)-(PFe); | MeCN I~ PFe~ /1~ PFe~
C12 Ni(PFs)2 (L2)-(PFe¢)3 MeCN 1~ 1~ /PFs~ 1~ /PFs~

aMajor/Minor

When Cu'' was used as a metal node (C1 and C2) the obtained crystals were
fragile and, after they were removed from the crystallization solution, would
spontaneously crumble into a fine powder within a minute scale, and thus lose
their single crystal nature. In fact the decomposition was visibly noticeable as a
flow of solvent emerging out from crystal to Fomblin® Y oil, under which the
crystals were prepared for the data collection. Interestingly in the compound C1,
even though Cu(OTf), was used in the preparation of said compound, no triflate
anions were present as neither endo- or exohedral anions but instead all the
determined anions comprised of PFs~ anions. This would suggest that PFe¢ is
preferred counter anion over triflate both in- and outside the cage. Therefore the
formation of the C1 assembly has PFe¢~ as a limiting factor controlling the yield
depending on the amount of (L1)-(PFe)s available. The opposite occurs when
Cu(ClOg)2 is used as the majority of the counter anions appeared to be
perchlorates, which then causes the formation of C2 thus be dependent on the
amount of Cu(ClOg)2 present. ClO4 is seemingly also preferred over PF¢~ as an
endohedral anion. Albeit, why only % of ligand bowls are occupied by anions
and the ¥4 by a MeCN molecule remains a mystery, as there should be no steric
or chemical hindrances forcing the ¥ of the bowls to be left without an anion. The
C1 is clearly compressed from one of its axes (18.358(3) A vs. 24.401(2) A) while
the C2 is more symmetrical and maybe this has something to do with preferred
location of the counter anions either in- or outside the cage. In order to stabilize
the Cu'' structures, various solvent combinations were tried but none of the
solvents tested improved the stability of the obtained crystals, so the starting
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ligand was changed from methyl substituted core (L1) to ethyl substituted core
(L2), to see whether that would ‘force’ the bowl to be more favorable for forming
a cage structure by being preferably in syn-conformation. Though (L2)-(PFs)3
paired with Cu(OTf), yielded blue crystals, these were also highly fragile and
would crumble within one or two minutes, and no crystals suitable for structure
analysis were obtained despite of numerous attempts.

For the above-said reasons, in further studies, the metal node was switched
from Cu to Ni", as Ni'l seemed to form more stable octahedral assemblies than
Cu'' did. Due to the poor solubility of Ni(OTf)2 in the solvents used, Ni(NOs).
was chosen instead, as metal ion source for the complexation reactions, due to its
better solubility. Commercially available Ni(NO3)2:6 H.O was first dehydrated to
Ni(NO3)2 - 2.5 H20 before its use (afforded as a fine powder), in order to minimize
the amount of water in the reaction. The obtained structure C3 was analogous
with the previously obtained Cu'' assemblies, and the crystals were sturdier and
had a longer lifespan outside crystallization solution than Cu'' assemblies. The
compound C3, as described earlier is comprised of two slightly different
assemblies (C3-1 and C3-II, see section 6.2.3) that showed somewhat more
symmetrical cage geometry than in the case of C1. Albeit Ni(NOz3), was used in
the reaction, no nitrate anions were present inside the cage, nor were they bonded
to metal node itself like nitrate frequently tends to do. However, nitrate anions
were located outside the cage unit as a minority while PFs~ represents the
majority of the exohedral anions. This is likely due to the physical shape of the
nitrate anion as it is planar whereas PFs~ and CIO4~ are spherical, which makes
them fit more ideally inside the bowl. A completely nitrate free C3 assembly can
be obtained by first performing anion change between KPFs to Ni(NO3). to afford
Ni(PFe)2. Based on the structure determination the nitrate-free assembly C3*
proved to be structurally almost identical to compound C3, except for the absence
of nitrate anions.

Next it was examined if it would be possible to form a MeLg assembly with
a metal salt without weakly or non-coordinating counter anion, thus it was
decided to replace Ni(PFs)2 with nickel(ll) halides. Of the available halides
chloride and bromide proved to be soluble in the used solvents and were also
stable enough for the reaction (Nil. tends to degrade over time to nickel(ll) oxide
and elemental iodine). It was also decided to prepare Ni(SCN). as an alternative
metal salt as it shows similar reactions like halides (NCS- is defined as
pseudohalide). Moreover, it is similar in size to MeCN molecule and provides
both nitrogen and sulfur as a binding site. Anhydrous NiCl, and Ni(SCN)2 mixed
with (L2)-(PFe)3 both yielded compounds C4 and C6 respectively, that were
similar to C3* in the sense that all the axial binding sites of node metal (endo and
ex0) were occupied by the same type of secondary ligands and the bowl
encapsulated (predominantly) a PFs~ anion. Since the axial positions of metal
nodes are occupied by anions in case of C4 and C6, instead of MeCN molecules
as in cages C1-C3*, the overall charge of the supercationic MsLs assembly was
reduced from 36+ to 24+, and a result number of exohedral anions is less than in
C1-C3*. The ligand bowls of the cage unit in C4 is occupied by chloride and PF¢~
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anions sharing the site (one in 0.5:0.5, and two in 0.25:0.75 occupancy), except in
the case of two of the ligands bowls wherein PFs~ resides alone. The endohedral

anion ratio of 6:2, in favor of PFe~ indicates that PFe is preferred over chloride.
Chloride is observed also as an exohedral anion, in turn suggesting that at least
some competition exists between PFs~ and chloride anions. On the other hand, in
C6 no thiocyanate anions were detected outside the metal nodes, so it can be
assumed that the PF¢ is the preferred counter anion over thiocyanate. With
thiocyanate being observed only as a coordinated anion, the formation of C6 was

not dependent on NCS™ anion, as the required amount of NCS~ anions for metal
node is reached with metal salt alone. Furthermore, when NHisNCS was
introduced to the solution containing C4 cage unit, the chlorides residing on the
axial sites of the metal node, were exchanged partially to thiocyanate anions
(C10), and once again no free thiocyanate anions were observed. Thus suggesting,
that PFe~ and chloride anions are preferred free counter anions over thiocyanate,
whereas thiocyanate is preferred as a coordinating anion over chloride (and
MeCN solvent molecule).

Mixing anhydrous NiBr2 with (L2)-(PFe)3 yielded the compound C5, which
had different secondary ligands bonded to axial positions of metal nodes (MeCN
in exo- and Br- in endohedral position) in addition to bromides occupying the
bowls. The compound C5 is therefore the first cage unit showing asymmetrical
ligand configuration on its metal node. The existence of bromide within the
bowls instead of PFs~, suggests that bromide is preferred as an endohedral
counter anion over PFg~. As the compound C5 has 14 bromide ions compared to
12 that were introduced with NiBr2, bromide deficit likely reason why exohedral
position of metal node is occupied by MeCN molecule instead of bromide, as
there are seemingly no steric hindrances against both axial positions in the metal
node to be occupied by bromide anion. Similar asymmetric metal nodes were
obtained with the post-synthetic anion exchange studies when NHal was
introduced to the solution of C3* producing assemblies C11 and C12, in which
the endohedrally coordinated MeCN molecules were (at least partially)
substituted with iodide anions (see section 6.2.11). Now this is not truly one-to-
one comparison as the compound C11 only has, on average, 1.5 iodide anions
coordinated to metal nodes, and C12 has 3.75 iodide anions coordinated to metal
nodes. Additionally, both PFs~ and iodide are occupying the bowls, often sharing
the site instead of only encapsulating either one of the anions.

To examine what effect a larger counter anion may have on forming the
MeLs cage unit, (L2)-(NTf2)s was reacted with anhydrous NiCl; and NiBr2. Two
slightly different compounds were formed: C7 wherein both axial sites as well as
ligand bowls are occupied by chlorides, and C8 which possesses partially
asymmetrical metal nodes while ligand bowls are encapsulating bromides.
Interestingly, albeit the metal nodes in C8 and C5 cage units have the same
composition of NiBr(MeCN)L4, in C5 the bromide is coordinated endohedrally,
whereas in C8 it is coordinated exohedrally to the metal node. Also, in C8 cage
unit one-fourth of the metal nodes are symmetrical, wherein both axial sites are
filled with bromides. Because counter anion introduced with the ligand (NTf>)
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is too large to fit inside the bowl, the interiors of both cages were occupied by the
only alternative left; the halide anions originating from the metal salt. This shows
that it is still possible to achieve MeLg assembly while using a counter anion too
big for the bowl, as long as there was a viable anion type present in the system
which fits to the ligand bowl.

With the success of all these different Ni'' assemblies, it was briefly returned
to Cu-based structures, but instead of using Cu'" salts, copper(l) thiocyanate was
used in hopes to stabilize the assembly. Refluxing acetonitrile solution of
(L2)-(PFe)3 with the excess of solid CuSCN overnight followed by filtration and
crystallization yielded a similar MeLs assembly as before. Rather than the
expected Cu' complex, careful structural analysis revealed that the obtained
compound (C9) was indeed a Cu'' complex. The emergence of Cu'-MOF (see
Appendix 3) when the same reaction was performed at room temperature further
indicates that a redox-reaction must have occurred during the reflux.
Furthermore, the crystals of C9 were far more stable than the other Cu'' based
cage structures (C1 and C2) and in fact the crystals were stable for days outside
crystallization solvent. Crystals previously obtained from pairing (L2)-(PFg)3 with
Cu OTf, NOs™ or ClO4, were similarly fragile to crystals of C1 and C2, so it is
possible that (even though not present in the structure) SCN- ‘guides’ the cage
formation towards more stable Cu'' assembly. This might be due to systems
aversion towards the SCN- anion, whereas there is seemingly some preference
towards e.g. ClO4, as observed with C2. This competition between PFs~ and
different anions then creates instability within crystalline Cu'' assemblies when
paired with ligands L1 or L2.

Looking at the obtained structures it comes clear that the metal node can
exhibit four different conformations regarding what is bonded to the axial sites:
type A, where both sites are filled by a MeCN molecule; type B, where exohedral
site is filled by a MeCN molecule and endoheral site is filled by a halide or
thiocyanate anion; type C, where exohedral site is filled by a halide or thiocyanate
anion and endoheral site is filled by a MeCN molecule, and finally type D, where
both sites are filled by a halide or thiocyanate anions (Figure 64). According to
preliminary anion exchange tests (see section 6.2.11) it proved possible to change
(to a certain extent) the secondary component bonded to the axial sites of the
metal nodes as well as MeCN molecules are interchangeable with halide or NCS-
anions either asymmetrically (endo- or exoheral site) or fully. To what extent this
mechanism can be controlled, was not examined further in the context of this
study.
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FIGURE 64 Possible conformations around M?*-node, where X is a halide or thiocyanate.

The observed metal nodes are relatively rare according to the Cambridge
Structural Database (CSD)61.162  as of version 2021.3.0, there are 313 crystal
structures which contain Ni''-Type A, B, C or D metal nodes in combination with
pyridine-ring moiety as the N-donor ligand. The number of crystal structures
drops to 258 when chelating ligands are excluded and none of the reported
structures contain Type B or C metal nodes. Overall, there are 3 Type A and 246
Type D (6x F~, 26x Cl~, 11x Br—, 3x I~ and 209x NCS-) Ni'' metal node containing
structures. Comparatively, if X is defined as any, then the number of reported
NiXoLs type of structures increases to 1721. Similarly, there are 84 crystal
structures, which contain Cu''-Type A, B, C or D metal nodes in combination
with pyridine-ring moiety as the N-donor ligand. The number of crystal
structures drop to 28 when chelating ligands are excluded and none of the
reported structures contain Type B or C metal nodes. Overall, there are 2 Type A
and 63 Type D (12x CI, 4x Br, 2x I= and 7x NCS") Cu'l metal node containing
structures. Comparatively, if X is defined as any, then the number of reported
CuX:zLs type of structures increases to 1201.

The assemblies C1-C12 are relatively uniform regarding their size despite
possessing different asymmetric unit cells (containing between one-eight and
two-thirds of the cage unit) as shown in Table 6. This can also be observed with
the packing of different assemblies, e.g. most aforementioned MsLs assemblies,
regardless of the space group they crystallize, follow some of the packing motifs
of regular spheres. For example, assemblies C1, C9 and C11 follow the body-
centered cubic packing model, and in fact when the unit cell packings of said
assemblies are overlaid, the packings are almost indistinguishable as shown in
Figure 65a. Contrastingly, assemblies C3 and C12 (like most of the obtained
assemblies) follow the face centered cubic close-packing model od regular
spheres, and when overlaid, the unit cell packings of C3 and C12 are a close
resemblance, albeit the orientation of individual cage units are different.
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FIGURE 65 a) Overlay of unit cell packings of cage units C1 (blue), C9 (red) and C11 (green)
viewed along the crystallographic b-axis for C1 and C11 and along —b-axis for
C9. b) Overlay of unit cell packings of cage units C3 (red) and C12 (blue)
viewed along b-axis.

TABLE 6 Comparison of MsLg assemblies.

Name | Space group | Volume/ZA3 | dy(M-M)ZA dM-M)ZA | z(L-M-L)/°
C1l 14/m 37 223.4(7) 19.039 +1.180 14.505 + 1.126 1746+ 1.6
Cc2 C2/c 74 557(3) 20.719 £ 0.981 14.673 + 0.552 175.8+2.9
C3 R3 224 244(12) 20.896 £ 0.731 14.865 + 0.608 171.6 £9.5
C3* C2/c 77 958(4) 20.226 £ 0.642 14.300 £ 0.472 177.8+04
C4 C2/c 72 371(3) 20.806 + 0.853 14.628 +0.535 171.2+4.2
C5 P2/n 78 871(2) 20.197 £ 0.497 14.275 +£0.322 175.6 £ 2.6
C6 P1 18 900.3(9) 20.232 £ 0.283 14.659 + 0.564 1777+ 16
Cc7 R3c 118 185(10) 20.415 £ 0.000 14.430 +0.480 1771+£19
C8 C2/c 80 436(3) 21.064 £0.232 14.895 +0.136 178.0+£0.7
C9 12/m 40 851(2) 20.352 £0.778 14.402 +0.320 162.4£8.9
C10 P1 20 323.9(7) 20.716 + 0339 14.647 +0.266 178.3+0.8
Ci11 14/m 38 948.1(19) 20.899 +0.749 14.600 +£0.219 170.2+75
C12 R3 227 364(12) 20.259 + 0.643 14.671 £ 0.418 1754+ 16

Measured values are reported as average and standard deviation
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One of the common features of all of these MesLg assemblies is their large
interior cavity and according to structures obtained by single crystal X-ray
diffraction this cavity is seemingly empty; beyond the anions and solvents
bonded to endohedral positions and those occupying within the bowls, there is
seemingly nothing inside the cage. Obviously, it is not completely empty as it
would be an impossibility but crystallographically speaking these cages are
empty as there are no distinct electron density maximums that can be assigned
reliably to any atom or groups of atoms forming sensible molecules. To a lesser
extent similar issue occurs also outside the cage, as some of the structures are
‘missing’ anions balancing out the supercationic MeLg cage. Also, most of the
solvent molecules are similarly ‘missing’ even though according to
thermogravimetrical data, these structures contain anywhere from 10 to 30 %
solvent by weight. Depending on the structure the cage interior is more or less
negatively charged due to the large number of anions encapsulated in the bowls
and those bonded to endohedral positions, so it is unlikely that the missing
anions would lie inside the cage. The interior of the cage is most likely filled with
free solvent molecules that is severely disordered throughout the interior void.
Essentially with the equipment and time available it was not possible to obtain
high-quality structural data that would determine the location of missing anions,
and even if there would have been, it is entirely possible that the missing anions
are simply so disordered among the solvent volume that their exact locations will
remain uncertain regardless of equipment of measurement parameters. As an
interesting comparison, unit cells of the obtained MgLsg assemblies are by volume
larger than some small proteins e.g. plant protein crambin: V ~ 16814 A3
(monoclinic space group P2:1)163 and on par with e.g. maltose-binding protein
found in some bacteria: V 91737 A3 (triclinic space group P1)164 or
V ~ 313714 A3 (trigonal space group P32)165.

Q

6.3 Unexpected color changes on MeLs cage structures

Interestingly it was noticed that during the SCXRD measurement crystals of
MeLs structures had changed color to either opaque purple or red
depending on the metal salt used (Figure 66). Reindexing the unit cell
immediately after the data collection showed no changes in the unit cell
parameters before and after the color change and thus indicating no structural
changes large enough for altering the unit cell parameters occurred. The
corresponding color change was not observed during the SCXRD measurements
of pure ligands L-Brs, L:(PFs)3, or (L2)-(NTf.)s, though this might also be due to
relatively quick measurement times compared to measuring times of Msls
assemblies (1-3 hours cf. 48 hours) as color change with MsLsg crystals was not
imminent but occurred slowly within several hours.
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To figure out whether the color change was an effect of thermochromism or
caused by the X-ray radiation, a crystal of C3* was left overnight under the cryo-
stream at -153.15 °C, during which time no color change was observed,
suggesting that the change is thereby induced by X-ray radiation. The use of
Mo-radiation instead of Cu-radiation yielded no noticeable color change in a
crystal of C3* implying that the color change is induced by the wavelenght
corresponding to Cu-radiation. Due to the nature of the obtained crystals, it was
not possible to perform SCXRD measurements at room temperature but
removing crystals from the cryostream caused the crystals to revert to the original
color within few seconds, suggesting that this state is not stable above cryogenic
temperatures.

Before After

Before After

C3* C6

FIGURE 66 Color changes observed during SCXRD measurements.

The next step was to examine whether color change was a unique attribute
of the Ni'-based coordination cages. Analogous MeLsg structure was prepared by
reacting (L2)-(PFe)s with [Pd(MeCN)4](BF4). in MeCN followed by slow vapor
diffusion of CHCIs which yielded small fragile colorless crystals. X-ray
diffraction analysis revealed a MesLs cubic cage like structure of
[Pds(L2)s(BF4)a(PFe)4](PFe)26-n(BF4)2+n  (C12, see Appendix 6) which also
underwent a color change during the measurement. While the cationic cage of
compound C12 is analogous to Ni'-assemblies there are no axial solvent
molecules or anions bonded in the metal nodes due to the square planar nature
of Pd! nodes. Later similar color change was observed during the SCXRD data
collection on ZnsL3X7 type of dimeric capsules (see section 6.4.), which contain
tetrahedral metal nodes instead of octahedral ones. These observations further
indicate that the phenomenon is not unique to Ni''-compounds but is instead a
property of the ligand while interacting with a metal cation.
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Diquaternized bipyridine derivatives, also called viologens, are known to
be able to undergo two one-electron redox reactions to afford colored radical
cation, and neutral species forming a colorless dication (Scheme 45a).166 Similarly,
light irradiation can cause a charge transfer between viologen and counter anion
to yield a radical cation (Scheme 45b).167 The color of radical cation is intensive,
owing to charge transfer between the +1-valent and zero-valent nitrogen atoms,
whereas the color of neutral species is less intensive due to lack of
aforementioned charge transfer. A similar effect can also be observed in a metal-
organic donor-acceptor dyads, using metal ion with monoquaternized bpy (MQ*)
ligands, where the color change arises from low-lying metal-ligand charge
transfer (MLCT) states. This involves electron transfer between d (M) - * (MQ*)
and occurs in cryogenic temperatures.168 Although the tripodal ligands L1 and
L2 are tricationic, the bpy arms of the ligands can locally be considered as MQ+
‘ligands’. In that sense, each ligand essentially forms three M---MQ+* types of
interactions when binding to a metal node, and so the MeLg assembly would
contain 24 M---MQ+ interactions.
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SCHEME 45 a) Viologen electrochromic redox couples, and b) photochromic cycle.
R represents any type of organic substituent.

According to the CSD, the only crystal structures containing the tripodal
moiety of L are the ligands originally reported by Belcher et al.l53 and a
[PdsLs](NO3)3s complex by Roy et al.1%9, a structure similar to ones obtained in
this dissertation, was acquired by using ligand (L1)-(NO3)s. Neither of these
papers make any notion regarding the color of the crystals changing during the
SCXRD measurement, which is likely due to Belcher et al. only reporting
non-complexed ligands whereas Roy et al. used synchrotron radiation for
structure determination. Due to a lack of time and available instruments, this
phenomenon was not investigated further during this work.
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6.4 Dimeric capsules

6.4.1 Mualsassemblies
6.4.1.1 [Zn4(L2)3Cl7](PFe)10 (D1)

With the successful creation of NisLs assemblies, the metal node was switched to
Zn'' to see whether it also could form MeLs assemblies. This was first attempted
by pairing (L2)-(PFe)3 with Zn(NOs)., Zn(OTf)2 or Zn(ClOs). in various solutions,
but despite several attempts in different crystallization conditions, no crystals
with high enough quality for single crystal X-ray structure determination were
obtained. Unit cell determinations of obtained crystals suggested that the
crystallized assemblies would most likely be large structures on par with
obtained NigLg assemblies. Following this, Zn' halides (CI-, Br-or I-) were paired
with (L2)-(PFe)3 and this gave rise to a completely unprecedented type of cage-
like structures. Mixing acetonitrile solution of (L2)-(PFs)z and ethanol solution of
ZnCly in 4:3 metal-ligand ratio with one equivalent of KPFs present, followed by
slow vapor diffusion of ethyl acetate, yielded clear needle-like crystals. X-ray
diffraction analysis of these crystals revealed a tricyclic MsLz complex of
[Zn4(L2)3Cl7](PFe)10 (D1) that forms dimeric capsules in crystal lattice as shown
in Figure 67.

FIGURE 67 Tricyclic compound D1 and its dimeric capsule. a) Top view of monomer,
b) side view of monomer and c¢) dimeric capsule. Free anions and solvent mol-
ecules are omitted for clarity.
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Compound D1 crystallizes in triclinic space group P1 (a = 22.1367(3) A,
b = 22.8679(3) A, ¢ = 25.2691(4) A, a = 112.6862(13)°, f = 101.4546(13)°,
¥ =90.1222(12)°, V = 11 523.1(3) A3, Z = 2) and each asymmetric unit holds entire
[Zn4(L2)3Cl7](PFs)10 entity together with four MeCN molecules and one ethyl
acetate molecule with approximate occupancy of 0.25. Compound D1 is tricyclic
and shaped like a three spiked crown with two different conformations present
for Zn" metal nodes: three of which Zn'' is bonded with two ligands and two
chloride anions (type A, Zn1-3), and one Zn" is bonded with three ligands and
one chloride anion (type B, Zn4) as shown in Figure 68a-b. One of the ethyl
groups of the ligand is disordered over three orientations between cis- and trans-
conformations: two cis-conformations with approximate occupancies of 0.30 (C54)
and 0.35 (C53), and one anti-conformation with approximately 0.35 (C55)
occupancy (Figure 68c). Additionally in one ligand, three pyridine rings of the
bpy arms are disordered over two orientations with approximately 0.50
occupancies each, and the two orientations are separated by 42.30°, 35.22° and
25.98° torsion angles between the planes of pyridine rings containing nitrogen
atoms N8, N9 and N11 respectively (Figure 68d). The chloride anions bonded to
metal nodes Znl (CI1 and CI2) and Zn2 (CI3 and Cl4) are disordered over two
orientations with approximately 0.50 occupancies for both metal nodes (Figure
68e). The different orientations correspond to the angle of £(Cl-Zn-Cl); 122.0(3)°
for #(CILA-Zn1-CI2A), 128.3(4)° for #(Cl1B-Zn1-CI2B), 116.56(14)° for
4(CI3A-Zn2-Cl4A) and 122.93(14)° for £(CI3B-Zn2-Cl4B). A molecule of ethyl
acetate with approximate occupancy of 0.25 is sharing the same site with one PFs~
anion (P5, occup. 0.50) and one MeCN solvent molecule (N167, occup. 0.75), as
shown in Figure 68f. Four PF¢~ anions (P1A, P1B, P5 and P7) have occupancies of
0.50 each, with P1A and P1B being located next to each other.

FIGURE 68 a,b) Different conformations of Zn" nodes, ¢) disordered ethyl group,
d) disordered bpy arm, e) disordered chloride anions and f) solvent-anion
overlap. Only relevant atoms are shown and for d) and e) only one example is
presented.
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The distances between type A Zn' nodes are 11.7649(11) A for d(Zn1-Zn2),
13.2767(9) A for d(Zn2-Zn3) and 11.6796(10) A for d(Zn1-Zn3) respectively. While
the distance between type A and B Zn" nodes is between 14.163-14.423 A.
Moreover the distance between type B Zn''ions in the formed dimer is 23.4519(12)
A. The type A Zn'"' nodes have bridging angles of 103.66(14)° for #(L.—Zn1-Ly),
106.29(13)° for 4 (Lb—Zn2-Lc) and 104.51(13)° for #(La—Zn3-Lc) respectively with
the Zn-Cl distance varying between 2.025-2.356 A. Ligands bpy arms have a
bend angle between 112.28-114.54° and interestingly the bowls are occupied by
MeCN molecules instead of PFs~ anions. This can be expected to arise by the
dimeric nature of this compound; in the dimeric capsule the crown ‘spikes’
interlock causing the outermost chloride atoms, bonded to type A Zn'' ions, to
come close to the two of the +1-valent nitrogen atoms (3.699-4.659 A) in the bowl.
This in turn would cause major steric hindrances for type A Zn! nodes, if the
bowls were occupied by PFe¢~ anions instead of MeCN molecules. Due to highly
disordered solvent molecules inside the dimeric capsule, only one of the three
encapsulated MeCN molecule was able to be assigned properly, and is located
4.318(6) A above the centroid of the benzene ring. According to voids calculated
in Mercury, 9.6 % of the unit cell volume of D1 is unassigned solvent molecules.
In the dimeric capsule, the overlapping bpy arms are rotated around 120°
respectively to each other with the centroid-centroid distances of overlapping
pyridine rings being between 3.574-3.779 A. In the dimeric capsule, the
innermost chloride anions bonded in type A Zn' nodes (e.g. d(CI2A-CI4A)) are
separated by a distance between 5.483-6.340 A, while the diagonal distances
(e.g. da(C16-CI16)) are between 8.450-12.022 A.

In the crystal lattice type B metal nodes come near to their symmetry twin
with the distance between Zn4-Zn4’ being 4.6184(9) A, CI7-CI7’ being 3.826(2) A
and Zn4-CI7’ being 3.6148(12) A (Figure 69a), with an inversion center located in
the halfway from one Zn4 to another. Similarly, the disordered ethyl groups
come near to each other with the distance between methyl-carbons (C53) being
2.51(4) A. The dimeric capsule has a vaguely octahedral shape (when considering
benzene cores of the ligands as vertices in the octahedron, Figure 69b) and the
packing of compound D1 resembles the dense packing of octahedra (Figure
70a-b). Crystallographic data for single crystal X-ray measurement of D1 is
presented in Appendix 10 Table Al0.
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FIGURE 69 a) Close proximity of type B Znl!l nodes in the packing of D1, b) octahedral
nature of D1 dimer, viewed along octahedral ‘vertex’. Only relevant atoms are
shown.

FIGURE 70 Packing of compound D1, viewed a) along the crystallographic a-axis and
b) along (111) lattice plane. Free anions and solvents omitted for clarity.

6.4.1.2 [Zn4(L2)3Br7](PFe)10 (D2)

Compound D2 was prepared similarly to D1 by using ZnBr; instead of ZnCl,
and possesses the same topology as D1 with coordinated bromide anions instead
of chloride anions (Figure 71). Compound D2 crystallizes as colorless needle-like
crystals in triclinic space group P1 (a = 22.4439(4) A, b = 25.3852(5) A,
c = 26.1323(4) A, a = 61.3103(19)°, B = 72.1709(15)°, y = 84.7924(16)°,
V = 12 4054 A3, Z = 2) and each asymmetric unit holds the entire
[Zn4(L2)3Br7](PFe)10 entity together with seven MeCN molecules and two EtOAc
molecule. Four of the MeCN molecules have approximate occupancies of 0.50
occupancies each, while the remaining have full occupancy and EtOAc molecules
have similarly approximate occupancies of 0.50 each. Additionally, one of the
PFe~ anions (P4) is disordered over two positions with approximately 0.50
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occupancies each. Furthermore, PF¢~ anions P6 and P11 have occupancies of 0.50,
with P11 laying in a special position. The bromide anions bonded to metal nodes
Znl (Brl and Br2) and Zn2 (Br3 and Br4) are disordered over two orientations
with approximate occupancies of 0.90 and 0.10 in both metal nodes. The different
positions of disordered bromide anions correspond to the angle of £(Br-Zn-Br);
119.43(6)° for £4(BrLA-Zn1-Br2A), 116.1(3)° for £4(Br1B-Zn1-Br2B), 119.06(5)° for
4(Br3A-Zn2-Br4dA) and 122.3(3)° for #(Br3B-Zn2-Br4B) respectively. The
distances between type A Zn' nodes are 11.9619(10) A for d(Zn1-Zn2), 11.4261(10)
A for d(Zn2-zn3) and 11.3696(9) A for d(Zn1-Zn3) respectively, while the distance
between type A and B Zn' nodes is between 14.673-16.014 A. Moreover, the
distance between type B Zn" nodes in the formed dimer is 25.5650(14) A making
compound D2 slightly more elongated than compound D1.
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FIGURE 71  Tricyclic compound D2. a) Top view of monomer and b) side view of
monomer. Free anions and solvent molecules are omitted for clarity.

The type A Zn! nodes have bridging angles of 104.95(13)° (La—Zn1-Ly),
106.47(13)° (Lb—-Zn2-L¢) and 95.72(12)° (La—Zn3-Lc) respectively with the Zn-Br
distance varying between 2.274-2.599 A. Ligands bpy arms have a bend angle
between 112.56-115.32° and while the bowls are occupied by MeCN molecules,
the rest of the interior free space is occupied by disordered EtOAc molecules. Due
to highly disordered solvent volume, only two of the encapsulated MeCN
molecules were able to be assigned properly. According to voids calculated in
Mercury, 9.8 % of the unit cell volume of D2 is unassigned solvent molecules. In
the dimeric capsule, the overlapping bpy arms are rotated around 120°
respectively to each other with the centroid-centroid distances of pyridine rings
being between 3.607-3.707 A. The innermost bromide anions of type A Zn'' node
(e.g. d(Br2A-Br4A)) are separated by a distance between 4.721-5.818 A, while the
diagonal distances (e.g. da(Br6-Br6’)) are between 8.943-9.926 A. The distance
from outermost bromide atoms in type A metal node to ligands +1-valent
nitrogen atoms varies between 3.714-5.042 A.
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In the crystal lattice type B metal nodes come near to the benzene core of L,
with the distance between Br7 and one of the methylene-bridges (C103) being
3.581(4) A. Subsequently, the bpy arm between L. and Zn4 is facing itself from
another dimer, with the separation between pyridine-ring centroids being 5.210(3)
A, as shown in Figure 72a. The benzene cores of ligands L. and Ly, are also
pointing roughly towards the type B metal node, with separations of
9.3532(15) A and 11.0044(14) A respectively. The packing of D2 dimers is similar
to the packing observed in compound D1, but the individual dimeric capsules
are orientated differently to pack together more densely than compound D1
(Figure 72b-c). Crystallographic data for single crystal X-ray measurement of D2
is presented in Appendix 10 Table A10.

b)

FIGURE 72 a) Close proximity of bpy arms in packing of compound D2. Packing of
compound D2, viewed b) along the crystallographic a-axis and c¢) along (111)
lattice plane. Free anions and solvent molecules are omitted for clarity.
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6.4.1.3 [ZNa(L2)sl7](PFs)10 (D3)

Compound D3 was prepared similarly to D1 by using Znl instead of ZnCl,, and
possesses the same topology as D1 with iodide anions instead of chloride anions
(Figure 73). Compound D3 crystallizes as yellow needle-like crystals in
monoclinic space group P2i/c (a = 22.6771(4) A, b = 45.8546(8) A, ¢ = 25.7178(5) A,
a =y =90° B =100.7886(18)°, V = 26 269.9(8) A3, Z = 4) and each asymmetric unit
holds the entire [Zn4(L2)sl7](PFs)10 entity together with 6.5 MeCN molecules and
1.25 EtOAc molecules. Two of the MeCN molecules have full occupancy, while
the remaining 4.5 are disordered and have either 0.50 (6 locations) or 0.25
(6 locations) occupancies. The 1.25 EtOAc molecules are also disordered,
consisting of one with 0.5 occupancies and three with 0.25 occupancies. One of
the pyridine rings of bpy arms in L. is disordered over two orientations with
approximately 0.50 occupancies each, and the two orientations are separated by
25.59° torsion angle between the planes of pyridine rings containing nitrogen
atom N8. Additionally, Zn1 metal node and iodine atoms bonded to it (11 and 12)
are disordered over two orientations with approximately 0.50 occupancies each.
The different positions of disordered iodide anions correspond to the angle of
4(1-Zn-1); 121.7(4)° for £(11A-Zn1A-I2A) and 116.5(3)° for #(11B-Zn1B-I2B).
One of the PFe~ anions (P1) is disordered over three positions with approximate
occupancies of 0.40, 0.35 and 0.25 respectively for P1A, P1B and P1C, with
distance between P1A and P1B being 3.928(15) A and 1.031(17) A between P1B
and P1C. Another PF¢~ anion (P2) is disordered over two positions, with
approximate occupancies of 0.75 and 0.25 respectively for P2A and P2B, and the
distance between P2A and P2B is 2.150(13) A. Furthermore PFe~ anions P3, P4
and P10 are disordered over two orientations each, with approximate
occupancies of 0.50 for all.

FIGURE 74 Tricyclic compound D3. a) Top view of monomer and b) side view of
monomer. Free anions and solvent molecules are omitted for clarity.
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The distances between type A Zn'" nodes are 10.970(9) A for d(Zn1A-Zn2),
10.906(8) A for d(Zn1B-zZn2), 11.2313(13) A for d(zZn2-zZn3), 11.194(5) A for
d(Zn1A-Zn3) and 10.870(5) A d(Zn1B-Zn3) respectively, while the distances
between type A and B Zn'' nodes are between 14.755-15.958 A. Moreover the
distance between type B Zn'" nodes in the formed dimer is 26.3570(18) A, which
makes compound D3 slightly more elongated than compounds D1 and D2. The
type A Zn! nodes have bridging angles of 101.8(4)° for £(La—Zn1A-Ly), 99.4(4)°
for z(La—Zn1B-Ly), 97.7(2)° for #(Lb—Zn2-Lc) and 105.6(2)° for #(La—Zn3-Lc)
respectively with the Zn-I distance varying between 2.465-2.565 A. Ligands bpy
arms have a bend angle between 112.20-116.04° and while the bowls are
occupied by MeCN molecules, the rest of the interior free space is occupied by
disordered EtOAc molecules. Although MeCN molecules can be assigned to each
bowl, only one has full occupancy and the remaining two have occupancies of
0.50 each. Out of expected 10 PF¢~ anions, 9.5 could be assigned with the
remaining 0.5 PF¢~ anion being disordered among unassigned solvent molecules.
According to voids calculated in Mercury, 6.2 % of the unit cell volume of D3 is
unassigned solvent molecules. In the dimeric capsule, the overlapping bpy arms
are rotated around 120° respectively to each other with the centroid-centroid
distances of pyridine rings being between 3.763-3.873 A. The innermost iodide
anions of type A Zn'' node (e.g. d(12A-14)) are separated by a distance between
4598-4.971 A, while the diagonal distances (e.g. d4(16-16")) are between
7.983-8.566 A. The distance from outermost iodide atoms in type A metal node
to ligands +1-valent nitrogen atoms is between 3.915-4.663 A.

In crystal lattice type B metal node comes near to one of the +1-valent
nitrogen atom (N5) in ligand L, with distance between 17 and +1-valent nitrogen
NS5 being 3.500(2) A. In addition type B metal node also comes near to one of the
ethyl-groups in ligand L., with distance between 17 and C53 being 4.048(8) A
(Figure74a). The dimeric capsules of D3 are orientated in two different layers (red
and green in Figure 74b—d) with the orientations of different layers following the
symmetry element 2:/c. Viewing the packing along the crystallographic c-axis,
two out of three cycles in D3 monomers are aligned creating solvent-anion
cavities through the crystal lattice. Crystallographic data for single crystal X-ray
measurement of D3 is presented in Appendix 10 Table A10.
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FIGURE 75 Close proximity of type B metal nodes and packing of compound D3, viewed
along the crystallographic a) a-axis, b) c-axis and d) b-axis. Free anions and
solvent molecules are omitted for clarity.
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6.4.1.4  [Zna(L1)sl7](PFe)0 (D4)

Despite several attempts, no crystals suitable for X-ray diffraction analysis were
obtained when (L1)-(PFs)s was paired with either ZnCl; or ZnBr, but pairing
(L1)-(PFe)3 with Znl. followed by slow vapor diffusion of ethyl acetate yielded
yellow needle-like crystals. The compound D4 crystallizes in triclinic space
group PI (a=22.7773(3) A, b = 23.3081(4) A, ¢ = 24.5807(4) A, a = 102.8010(10)°,
£ =109.0290(10)°, y =93.0280(10)°, V = 11 918.8(3) A3, Z = 2) and each asymmetric
unit holds the entire [Zna(L2)317](PFs)10 entity together with five MeCN molecules
and one EtOAc molecule with approximate occupancy of 0.50 (Figure 75). Four
of the MeCN molecules are approximate occupancies of 0.50 each while the
remaining one has full occupancy. One of the PF¢s~ anions (P1) is disordered over
two locations with approximate occupancies of 0.75 and 0.25 respectively for P1A
and P1B, and the distance between P1A and P1B is 2.28(2) A. Additionally PFe
anions P1A and P1B are sharing one of the fluoride atoms, namely F6. Another
PFs~ anion (P9) is disordered over two positions, with approximate occupancies
of 0.75 and 0.25 respectively for P9A and P9B.
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FIGURE 76  Tricyclic compound D4. a) Top view of monomer and b) side view of
monomer. Free anions and solvent molecules are omitted for clarity.

The distances between type A Zn'' nodes are 10.801(2) A for d(Zn1-zZn2),
10.876(2) A for d(Zn2-zn3) and 10.836(3) A for d(Zn2-zZn3), while the distance
between type A and B Zn'" nodes is between 15.930-16.020 A. Moreover the
distance between type B Zn" nodes in the formed dimer is 28.093(3) A, which
makes compound D4 slightly more elongated than compounds D1-D3. The type
A Zn'' nodes have bridging angles of 100.2(4)° for #(La—Znl-Ly), 99.3(3)° for
4(La—ZNn2-Lp) and 100.1(3)° for 4 (L,—Zn3-L.) respectively with the Zn-I distance
varies between 2.512-2.560 A. Ligands bpy arms have a bend angle between
111.96-116.40° and while the bowls are occupied by MeCN molecules, the rest of
the interior free space is occupied by disordered EtOAc molecules. MeCN
molecules can be assigned to two of the bowls with occupancies of 0.50 each. Out
of the expected 10 PFe~ anions, 8.5 could be assigned with the remaining 1.5 PFg”
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anions being disordered among unassigned solvent molecules. According to
voids calculated in Mercury, 12.5 % of the unit cell volume of D4 is unassigned
solvent molecules. In the dimeric capsule, the overlapping bpy arms are rotated
around 120° respectively to each other with the centroid-centroid distances of
pyridine rings being between 3.748-3.856 A. The innermost iodide anions of type
A Zn' node (e.g. d(12-14)) are separated by a distance between 4.657-4.746 A,
while the diagonal distances (e.g. da(16-16")) are between 8.053-8.142 A. The
distance from outermost iodide atoms in type A metal node to ligands +1-valent
nitrogen atoms is between 4.030-4.422 A.

In crystal lattice type B metal nodes come to proximity with the distance
between d(Zn4-zZn4’) being 6,172(4) A, d(17-17") being 5.200(2) A and d(Zn4-17)
being 5.124(2) A (Figure 76a), with an inversion center located in the halfway
from one Zn4 to another. The methylene-bridges of bpy arm in L, come to
proximity with the distance between methylene-carbons d(C52-C52’) being
3.89(2) A. Similarly methyl-bridges C21 (La) and C74 (Ly) come to close proximity
with a distance of 4.185(16) A (Figure 76b). In crystal lattice the dimeric capsules
in D4 are packed in identical layers loosely following the packing of octahedra,
similarly to D1 but the packing model of D4 dimeric capsules is less dense
(Figure 76¢-d). Crystallographic data for single crystal X-ray measurement of D4
is presented in Appendix 10 Table A10.

FIGURE 77 Close proximity of a) type B Zn'' nodes and b) methylene bridges in the
packing of compound D4. Packing of compound D4, viewed c) along the
crystallographic a-axis and d) along (111) lattice plane. Free anions and solvent
molecules are omitted for clarity.
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6.4.2 Summary of MsLs dimeric capsules

FIGURE 77 Overlay of M4L3 assemblies, a) top view of monomers, b) side view of mono-
mers. Green: D1, Red: D2, Blue: D3 and Yellow: D4. Hydrogen atoms, solvent
molecules, anions, Me and Et groups omitted are for clarity.

All MsLs dimeric capsules have a generic composition of [ZnsLzX7](PFs)10, Where
X is either CI, Br- or I. The overlays of cationic cage units of assemblies D1-D4
are depicted in Figure 77 and the obtained structures are relatively the same size
and contain similar distances and bond angles as shown in Table 7. In general,
the crystals of the assemblies D1-4 were more stable than crystals of MelLs
assemblies. This was seen from the crystals under Fomblin® Y oil within which
the crystals remained suitable for X-ray diffraction for hours and in some cases,
even for days after separation from crystallization solution. Albeit aforesaid
assemblies can be obtained by mixing 10 mmol L ligand solution and 7.5 mmol
L-1 ZnX; solution (M:L = 3:4), the reaction was revised to be better suited for the
formation of MLz assemblies by increasing the concentration of ZnXz solution to
13.33 mmol L1 thus better matching the metal-ligand ratio of the end products
(M:L = 4:3). Similarly, higher yield and better-quality crystals were obtained
when 1 molar equivalent of KPFes was added to the reaction mixture. In the
absence of KPFs, the complexation reaction of MsL3 assemblies is PF¢~ poor and
so the excess ligand precipitates during the crystallization process as LX3 along
with excess ZnX, (Equation 1). This can be avoided by the aforementioned
introduction of KPFe into the system, in which case, precipitated KX can be
filtered out before crystallization of the MsLs assemblies (Equation 2).

3L(PFg)s + 4 ZnX; = — [LsZn,X;1(PFe)10 + = LX5 + 220X, 1)

3 L(PFg); +4ZnX, + KPFg — [L3ZnyX;](PFg)1o + KX (2



TABLE 7 Selected distances and angles of dimeric MsL4 capsules.
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Compound D1 D2 D3 D4

d(zn-zn)2/A 12.240 £ 0.898 11.586 +0.327 11.034 £0.167 10.838 £0.038
d(Zn-zn4)e/A 14.335 + 0.149 15.127 +0.769 15.117 + 0.565 15.972 £ 0.045
d(zn4-zn4’)/A 23.452 +£0.000 25.565 = 0.000 26.357 £ 0.000 28.093 + 0.000
da(Zn-zn’)e/A 14.202 £1.279 13.477 £0.403 12.781 £0.276 12.587 £ 0.022
4(L-Zn-L)d/° 1048+ 1.3 102.38 £5.85 101.13 £ 3.42 99.87 + 0.49
d(Bz-Bz)/A 19.115 £ 0.197 18.447 £1.020 18.342 £0.824 17.921 £0.080
d(X~-N*)ZA 4.122 + 0.348 4.247 + 0.496 4.252 +0.270 4.253 + 0.167
d(m—m)/A 3.667 £ 0.093 3.644 + 0.049 3.819 £ 0.086 3.786 £ 0.054
d(X-X)/7A 5.912 + 0.288 5.352 + 0.361 4.750 £ 0.176 4.697 £ 0.115
da(X=X)e/A 10.287 + 1.457 9.398 + 0.532 8.246 + 0.241 8.095 + 0.045

aBetween Type A, bbetween Type A and B, ¢diagonal, 9Type A, presented as average * standard deviation

Comparing the distances between metal nodes in different dimeric capsules,
it can be noted that while the distance between type A metal nodes (d(Zn-Zn))
decreases, the distance between type B metal nodes (d(Zn4-Zn4)) increases
following the series D1 < D2 < D3 < D4. Similarly, the angle between type A
metal nodes and ligands (£ (L-Zn-L)) is decreasing following the same series
(Table 7). On the other hand, the distance between type A and B metal nodes
(d(Zn-Zn4)) and the distance between centroids of the benzene cores of the
ligands (d(Bz-Bz)), follows the series D1 < D2 = D3 < D4. This can be explained,
at least partially, by the ionic radius of the corresponding halide anion in the
series. The ionic radius increases in the series Cl- < Br- < I, and so halide anions
force ligands to adapt to steeper bond angles to accommodate larger anions.
Similarly, as the ionic radius of halide anion increases, the distance between
halide anions in type A metal nodes and +1-valent nitrogen atoms in ligand bpy
arms also increases. These changes combined are causing the dimeric capsule to
become more elongated while becoming narrower as the ionic radius of
implemented halide anion increases. The increasing ionic radius of halide anions
does not, however, explain the variation seen in £(L-Zn-L) bend angles between
different metal nodes as the difference between highest and lowest bend angle
(A°) is 2.63° for D1, 10.75° for D2, 7.90° for D3 and 0.90° for D4. Typically one of
the type A metal nodes have a steeper bend angle, while the other two are
relatively similar, which causes a visible twisting of the monomer skeleton
(Figure 77a). Interestingly assembly D4 is the most symmetrical out of all M4Ls
dimeric assemblies possessing the lowest differences between aforementioned
distances and angles of individual metal nodes and ligands. This would indicate
that the MyLz assemblies D1-D3 are more sterically restricted, due to ligands
containing triethylbenzene core than D4 which contains ligands with
trimethylbenzene core. This, in combination with halides anionic radius, could
explain the differences witnessed with #(L-Zn-L) bend angles.
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The MgyLs:X7; dimeric capsules of monomers D1-4 are seemingly held
together by two different simultaneous interactions, namely n—n -interactions
between overlapping bpy arms, and electrostatic interactions between halides in
type A metal nodes and +1-valent bpy arms of the ligands. The pyridine rings
coordinated to type A Zn! nodes in individual monomers overlap upon
formation of the dimeric capsule (Figures 78a-b) with ring centroid-centroid
distance (d(n—n), Table 7) being on average 3.667 A, 3.644 A, 3.803 A and 3.786 A
for D1, D2, D3 and D4 respectively. The overlapping bpy arms are rotated
approximately 120° respectively to Zn-bpy coordination bond with pyridine
rings have near face-to-face alignment and almost parallel ring planes. Janiak164
has suggested that, in metal-ligand complexes with aromatic nitrogen-containing
heterocycles, n—rn -interactions typically occur up to ring centroid-centroid
distance of 3.8 A. This is usually accompanied by a ring displacement angle
(centroid-centroid offset) of around 20° but (near) perfect face-to-face is also
possible, though exceedingly rare. The centroid-centroid distances observed in
MyLs assemblies are near the upper limit for Janiak’s suggestion which would
indicate that there is, to an extent, still a n—x -interaction between bpy arms of the
dimeric capsule, though one of the rarer varieties.

The other potential interaction, electrostatic interaction, occurs between
halides in type A metal nodes and +1-valent bpy arms of the ligands. In dimeric
capsules D1-D4, outermost halide anions bonded to each type A metal nodes are
nested near two +1-valent nitrogen atoms in each of the ligands as follows: Zn1
near L¢, Zn2 near L, and Zn3 in near Ly (Figure 78c). The average distances from
halide anion to +1-valent nitrogen atoms (d(X~—N7), Table 7) are 4.115 A, 4.247A,
4.252 A and 4.253 A for assemblies D1, D2, D3 and D4 respectively. Again, the
observed trend of increasing distances can be partially explained by the
increasing ionic radius of halide anion in question. The difference between the
longest and the shortest distance (Ad) being 0.960 A, 1.328 A, 0.748 A and 0.390 A
for assemblies D1, D2, D3 and D4 respectively is likely due to the twisted nature
of each assembly, along with steric hindrances forcing to slightly different
orientations in each nest. The proximity of halide anion to +1-valent nitrogen
atoms together with previously observed anion binding affinity of the ligand
bowl, suggests that electrostatic interaction is present between the
aforementioned system. Overall, each dimeric capsule is held together, or at least
its formation is guided by, six electrostatic interactions together with an
additional six n—r -interactions.

c)

V/;p' Ny
aJ

FIGURE 78 a) Representation of n—n —interactions, b) top view of overlapping bpy arms
and c) nesting location of halide anions near +1-valent nitrogen atoms.
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In the dimeric capsules, the innermost halide atoms coordinated in type A
Zn' nodes are separated on average by 5.912 A for D1, 5.352 A for D2, 4.750 A
for D3 and 4.697 for D4, while the diagonal distance on average is 10.287 A for
D1, 9.398 A for D2, 8.246 A for D3 and 8.095 A for D4 respectively (d(X-X) and
dda(X-X), Table 7). This essentially creates a ‘ring’ of halide atoms in the middle of
the dimeric capsule as shown in Figure 79. Outside the steric hindrance caused
by the formation of dimeric capsule itself, this ring is also most likely the reason
why there are no PFs anions inside the M4L3s assembly; if PFe~ would be located
within the bowl, the proximity to the halide atom would cause severe repulsion
between two anions.

sideview top view

FIGURE 79 Halide ‘ring’ within dimeric capsules: a) sideview and b) top view.

Finally, to emphasize how unique the M4L3X7 assemblies are, according to
CSD only 192 structures contain tetrahedral type B Zn!' metal node (L3ZnX) with
N-donor ligands. Out of these structures only three utilized pyridine derivatives
as ligands, and each of the said three examples are heterometallic compounds.
Additionally, although numerous examples of assemblies containing the type A
(L2ZnX?>) tetrahedral node exists, there is only one reported structure containing
both type A and B zinc nodes in the same assembly: a boron imidazolate based
2D-MOF.165 This makes assemblies D1-4 completely previously unreported type
of assembly.
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6.4.3 MsLs assembly

Compound D5 was obtained by mixing acetonitrile solutions of Zn(ls). and
(L2)-(PFe)s followed by slow vapor diffusion of diethyl ether. X-ray diffraction
analysis reveals that compound D5 crystallizes in tetragonal space group P4/nnc
(a=b=27.4251(2) A, c = 44.1104(5) A, a = f =y =90°, V = 33 177.0(5) A3, Z = 4),
but due to the high level of disorder, it was not possible to determine the
structure to a satisfactory level. The structure was first examined in triclinic space
group P1 to assess the disordered nature of the assembly, though there was not
enough data to completely solve the structure in the triclinic space group.
Eventually the structure was determined in monoclinic space group P2/n
(a=27.4114(3) A, b =27.4257(3) A, ¢ = 44.0965(5) A, a =y = 90°, § = 90.0050(10)°,
V =33 150.7(6) A3, Z = 4) and each asymmetric unit holds the entire MsL4 entity
of [Zns(L2)4ls(H20)(MeCN)](PFs)7.8(l3)s.2 together with several disordered MeCN
solvent molecules. Similarly to MsLs assemblies, MsLs assembly D5 forms a
dimeric capsule, but the compound is tetracyclic and shaped like a four spiked
crown (Figure 80). Unlike originally intended, the type A Zn" nodes do not
contain L>Zn(lz)2 moieties but instead, the node is the same as in D3 and D4
(L2Znly). Furthermore, instead of type B nodes, compound D5 possesses an
additional type C node: an octahedral node where Zn'' is bonded with four
ligands, one endohedral water molecule and one exohedral MeCN molecule as
shown in Figure 81.

FIGURE 80 Tetracyclic compound D5 and its dimeric capsule. a) Top view of monomer, b)
side view of monomer and c) dimeric capsule. Free anions and solvent mole-
cules are omitted for clarity.
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b)

FIGURE 81 Metal nodes present in compound D5: a) type A node and b) type C node.
Only relevant atoms are shown.

The distances between type A Zn' ions are 11.359(3) A for d(Zn1-Zn2),
11.360(3) A for d(Zn2-zn3), 11.358(3) A for d(zZn3-zZn4) and 11.360(3) A for
d(Zn1-Zn4) respectively, while the distance between type A and C Zn'' ions is
between 14.662-14.667 A and the distance between type C Zn' ions in the formed
dimer is 22.827(4) A making compound D5 slightly shorter than compounds
D1-4. The type A Zn! nodes have bridging angles of 94.9(4)° for 4 (La—Zn1-Ly),
95.0(4)° for #A(Ln,-Zn2-L¢), 94.6(4)° for Z#(Lc~Zn3-Lg) and 94.7(4)° for
4(La—Zn4-Ls), while bridging angle for type C is 179.1(4)° for both #(La~Zn5-Lc)
and #(Ly,—Zn5-Lg). The Zn-I distance varies between 2.536-2.542 A, while the
distance from Zn5 to water molecule is 2.193(9) A and the distance to the nitrogen
atom of coordinated MeCN molecule is 2.204(10) A. Ligands bpy arms have a
bend angle between 111.67-114.92° and similar to MsLz assemblies the bowls are
occupied by MeCN molecules. Due to the highly disordered nature of solvent
molecules in D5 the encapsulated MeCN molecules located between 4.13-4.70 A
above the benzene cores of the ligands. The encapsulated MeCN molecules are
disordered with approximate occupancies varying from 0.25 to 1 depending on
the molecule and the level of disorder. Some of the MeCN molecules were so
disordered that, even though each atom could be assigned, anisotropic
refinement could not be performed on them. According to voids calculated in
Mercury, 17.8 % of the unit cell volume of D5 is unassigned solvent molecules.
In the dimeric capsule, the overlapping bpy arms are rotated around 120°
respectively to each other with the centroid-centroid distances of pyridine rings
being between 3.638-3.860 A. The innermost iodide anions of type A Zn" node
(e.g. 1(I2H-14H)) are separated by a distance between 4.931-5.194 A, while the
diagonal distances (e.g. d¢(14H-17H)) are between 11.099-11.097 A. The distance
from outermost iodide atoms in type A metal nodes to ligands +1-valent nitrogen
atoms is between 4.365-4.439 A. Similarly to MalLs assemblies, larger dimeric
capsule D5 is also seemingly held together by a combination of electrostatic and
n—7 -interactions with eight of each present in the assembly.

The total positive charge of the MsL4 assembly is 22+, which is balanced out
with eight iodide anions coordinated to type A Zn! nodes and the remaining
positive charge (14+) is balanced out with a mixture of exohedral 15~ and PFg~
anions. In fact, four of the PF¢~ anions are disordered with I3~ anions in
approximately 0.95 and 0.05 occupancies respectively and they also share a site
with one MeCN molecule (Figure 82a). The solvent molecules in question are
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disordered with approximate occupancies between 0.25 and 0.50. Remaining
four PFe~ anions are heavily disordered to a point where it was not feasible to
assign all the required fluoride atoms to each of the disordered phosphorus atom
(Figure 82b), as some of PFs~ anions were disordered over a special position.
Additionally, four of the I3~ anions are disordered over two orientations with
approximate occupancies of 0.50 for each while sharing the middle iodine atom
with full occupancy (Figure 82c). The remaining two I3~ anions are located in a
Is-pseudoring around exohedral MeCN molecule in type C Zn'' node, and so the
total composition of counter anions is 7.8 PFe~anions and 6.2 I5~ anions. Locations
of I3~ anions are shown Figure 82d-e.

FIGURE 82 Examples of disordered a) PFs/1s7/MeCN, b) PFs~ anion and c) I3~ anion.
Locations of I3~ anions: d) top view and e) side view. Only relevant atoms are
shown.

The Iz3-pseudo-ring consist of two Iz~ anions that are disordered over six
positions, with approximate occupancies of 0.249, 0.242, 0.167, 0.166, 0.091 and
0.085 respectively for each position (Figure 83a). The two I3™ anions are separated
by a distance of 8.250-9.352 A between middle iodine atoms and in the crystal
lattice two Is-pseudo-rings are facing each other with distance between two
pseudo-rings being ~12 A. Furthermore, in crystal lattice four PFs~ anions (two
distinct anions P3 and P7, fulfilled via symmetry) are located between two of the
Is-pseudo-rings forming a highly unusual anion-anion-anion sandwich-like (a3s)
structure as shown in Figure 83b—c. The PF¢~ anions themselves are highly
disordered with phosphorus atoms laying midway between the two pseudo-
rings, while the PFs anions are separated by ~7 A between the nearest anions
and ~10 A diagonally. Beyond assigned PF¢~ anions, no additional electron
density was observed between I3-pseudo-rings, so the remaining ‘empty’ space
consists of most likely of extremely disordered solvent molecules.
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FIGURE 83 a) Disordered I3~ pair in Is-pseudo-ring with each color presenting different
orientation, b) side view of a3s-like structure and c) top view of a3s-like
structure.

In crystal lattice, Zn5 metal nodes of the dimeric capsules are orientated
parallel to c-axis, while Zn1-Zn4 nodes lay on the ab-plane. The dimeric capsule
of D5 has relatively spherical shape and the packing of dimeric capsules
resembles that of body-centered cubic packing of spheres (Figure 84a). On
ab-plane each dimeric capsule is on the same layer with separation between Zn5
atoms being 27.411(3) A parallel to a-axis and 27.114(3) A parallel to b-axis. Each
identical layer (red and green in Figure 84a) is separated by 21.270(4) A measured
from one Zn5 atom to another. In the “middle” layer (blue in Figure 84b), located
between the two identical layers, houses dimeric capsules which are rotated 90°
along the c-axis compared to ones in identical layers. The leftover space located
between individual dimeric capsules is occupied by counter anions and solvent
molecules. Crystallographic data for single crystal X-ray measurement of D5 is
presented in Appendix 10 Table A10.

a)

FIGURE 84 Packing of compound D5, viewed a) along the crystallographic c-axis and b)
along b-axis. Solvent molecules and free anions (expect Is-pseudo-rings) are
omitted for clarity.
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6.5 Thermogravimetry

Thermal stability of the utilized ligands, L-Brs, L-(PFs)s and (L2)-(NTTt2)3, as well
as selected MeLs and MsLs assemblies were briefly studied and compared. The
L1 ligand salts have onset decomposition temperatures of 254.90 °C for (L1)-Brs
and 197.61 °C for (L1)-(PFs)3, while L2 ligand salts have onset decomposition
temperatures of 253.66 °C for (L2)-Brs, 200.69 °C for (L2)-(PFe)3 and 307.41 °C for
(L2)-(NTf2)s. The near-equal thermal decomposition temperatures between L1
and L2 bromide (254.90 °C cf. 253.66 °C) and hexafluorophosphate (197.61 °C cf.
200.61 °C) salts would indicate that neither trimethyl- nor triethylbenzene core of
the respective ligands increases or diminishes the thermal stability of the said
ligands. In the case of both L1 and L2 ligands, the bromide salts are more
thermally stable than PFs salts, whereas (L2)-(NTfy): salt has a higher
decomposition temperature than either (L2)-Brz or (L2)-(PFe)3. Thus the thermal
stability of the utilized ligands can be organized into the following series:
(L1)-Brs~(L2)-Brs < (L1):(PFe)s~ (L2)-(PFe)s < (L2)-(NTf2)s.

Bromide and PFs salts of both L1 and L2 ligands undergo an exothermic
decomposition, with 2-3 overlapping reactions, which ends around 320 °C for
both bromide salts and around 333 °C for both PFe~ salts. This is then followed
by more gradual exothermic step, which ends around 545 °C in case of (L1)-Brs
and around 700 °C in case of (L2)-Brz and L-(PFe)s salts. Contrastingly the
(L2)-(NTf2)s salt undergoes a multi-step exothermic decomposition with several
overlapping reactions, which end around 490 °C and is followed by more
energetic exothermic overlapping reactions, which end around 620 °C. The
selected comparison of thermographs of L1 and L2 ligand salts are presented in
Figures 85a and 85b respectively, while full TG/DSC graphs are presented in
Appendix 13 and decomposition temperatures are also presented in Table 8.
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FIGURE 85 Comparison of a) L1 ligand salts and b) L2 ligand salts.
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TABLE 8 Extrapolated onset temperatures for thermal decomposition

Compound Onset (°C) | Compound Onset (°C)
(L1)-Brs 254.90 C4 (NiCly, dry) 274.25
(L2)-Brs3 197.61 C5 (NiBr, dry) 276.44
(L1)-(PFs)s 253.66 C6 (Ni(SCN)2, dry) 274.03
(L2)-(PFs)s 200.69 D1 (ZnCly, dry) 291.73
(L2)-(NTf)3 307.41 D2 (ZnBr», dry) 296.46
C3* (Ni(PFe)2, fresh) 289.53 D3 (Znly, dry) 294.50
C3* (Ni(PFe¢)2, dry) 293.07

As mentioned previously, obtained MeLg assemblies contain a large amount
of solvent within the crystal lattice, and this can also be observed in the
thermographs of said assemblies. For example, when ‘fresh’ crystals of C3*
(Ni(PFs)2) were measured almost immediately after removal from the
crystallization solvent, nearly 28.8 % mass loss was observed before thermal
decomposition occurred (Figure 86a, C3* fresh). Furthermore, a rapid mass loss
was observed during the premeasurement one-minute stabilization period as
volatile solvents (MeCN and EtOAc) were evaporating from the crystal surfaces.
This is also reflected in the actual measurement as a starting weight-% (wt.-%) of
96.5 % and quick mass loss of around 20 % occurring between 20-80 °C.
Comparatively, crystals of C3* which dried under N2 flow prior to thermal
stability measurement, showed only around 8.5 % mass loss before thermal
decomposition (Figure 86a, C3* N2 dry) and no rapid mass loss was observed
during the stabilization period.

The fresh sample had a slightly lower decomposition temperature,
289.53 °C, than the N2 dried sample, 293.07 °C, though this can be explained by
observer error. More importantly, the decomposition occurs at, roughly 90 °C, a
higher temperature than in non-coordinated starting ligand (L2)-(PFe)3 (Figure
86b). In both cases (fresh and N2 dry C3*) the thermal decomposition occurs
around 290 °C, which is nearly 100 °C higher than non-coordinated (L2)-(PFs)3
(Figure 86b), indicating that coordination with Ni'" metal ions increases the
thermal stability of ligand (L2)-(PFe)s. Similar decomposition temperatures were
also observed with MeLg assemblies C4-C6 (around 275 °C) and with dimeric
capsules D1-D3 (around 294 °C), comparison of which are shown Figures 86¢
and 86d respectively and presented in Table 8. This would then indicate that if
Ni'' node contains one or more coordinated anion, the decomposition
temperature is lower than if only MeCN is coordinated to the metal node. The
thermal decomposition of MeLg assemblies follow the similar two-step
decomposition route as observed with ligand (L2)-(PFes)s.
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In the case of the dimeric capsules, ZnsLs3X7;, the decomposition
temperatures are around 20 °C higher than what was observed with MsLs
assemblies and seemingly different halides have relatively similar decomposition
temperatures. The decomposition also occurs differently than in MeLg assemblies;
the decomposition in MsL3X5 is, generally speaking, a one-step process. Whether
the slightly higher decomposition temperature can be attributed to the use of Zn'"
halides, to the different metal-organic skeletons, to the different types of metal
nodes (octahedral in Ni" cf. tetrahedral in Zn') or for some other reason cannot
be stated at this point.
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FIGURE 86 Comparison of a) fresh and dry C3* assemblies, b) dry C3* assembly and
ligand (L2)-(PFes)s, C) selected MgLg assemblies and d) selected MsL3z dimeric
capsules.
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7 CONCLUSIONS

In conclusion, this thesis describes the synthesis of two similar tripodal tricationic
N-donor ligands L1 and L2, based on bipyridinium moiety, and studies of their
utilization as a building unit for the creation of cationic metal-organic polyhedra
when paired with various metal salts. The obtained assemblies were crystallized,
characterized and their structure was examined, and briefly subjected for post-
synthetic modification involving anion exchange in solution.

Firstly, ligand L1 was reacted with copper(ll) triflate and copper(ll)
perchlorate, which resulted in two similar Cue(L1)s assemblies, C1 and C2. The
crystalline products proved to be highly fragile, and their crystallinity rapidly
degraded after separation from crystallization solution. Despite numerous
attempts, no tested solution combination could prevent this degradation of
crystallinity, so the ligand was switched to potentially more rigid L2. Alas, the
obtained crystals remained highly fragile, so the metal source was switched from
Cu'' based to Ni'" based, in hopes to achieve more stable crystalline structures.
When paired with Ni(NOz3)2, Nig(L2)s assembly C3 possesses a similar metal node
as C1 (ML4(MeCN)2) was obtained, but more importantly the crystals of C3 were
more stable outside the crystallization solution than the crystals of either C1 or
C2. Following this discovery, nickel(ll) salts were used as a metal source and four
other Nig(L2)s assemblies C3* (Ni(PFs)2), C4 (NiCl2), C5 (NiBrz) and C6 (Ni(SCN)>)
were synthesized. All these assemblies contain a similar supercationic
[Nig(L2)g]36* skeleton, with main structural differences rising from metal-
coordinated solvents or anions as well as from encapsulated anions. Then, the
counter anions of ligand L2 were exchanged to larger NTf,~ anions, in order to
study what effect does a less well encapsulating anion has on the formation
metal-ligand assemblies. When reacted with NiCl, and NiBrz, two new Nis(L2)s
assemblies C7 and C8 were achieved, with different halide compositions,
compared to once obtained using PFe¢~ as the counter anion for ligand L2. Thus,
showing that the [Nis(L2)g]3¢* can be formed as long as suitable counter anions
can be encapsulated.
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With this success possibility for copper assemblies were re-examined by
utilizing copper(l) as a metal ion source instead of copper(ll). Reacting CUNCS
with (L2)-(PFe)3 yielded a Cus(L2)s assembly C9, reminiscent of the C1 assembly
previously obtained using (L1)-(PFe)3, and while the obtained crystals were more
stable than the ones from the previous Cu-assemblies, the C9 cage unit did not
contain Cu' metal nodes, but Cu'' metal nodes instead. Interestingly, no SCN-
anions were observed in assembly C9.

Returning to Ni-assemblies, it was examined if it would be possible to
exchange solvent molecules or anions coordinated to the metal nodes by
introducing a competing anion to the solution once the cage had formed. This
was first implemented by introducing NCS- anions to a solution of C4, to
potentially exchange axial chloride anions of C4 to NCS™ anions and obtain
assembly C6 by a post-synthetic method. After crystallization, it was revealed,
that the obtained assembly C10 had a vastly different anion composition than C6;
although both contain NCS- anions within the metal node, C10 encapsulated
mostly chloride anions, whereas C6 encapsulates mostly MeCN solvent
molecules. After this, a completely new anion, iodide, was introduced to a
solution of C3* (which contains no axial anions) in two different concentrations.
This resulted in the formation of assemblies C11 and C12, both of which contain
iodide, but in different molar ratios. This, in combination with assembly C10,
indicate that it is possible to modify the metal node and the anion composition of
the cage interior. Further studies are required to determine to what extent is the
exchange controllable.

Secondly, with the succession of Ni'l-based assemblies, it was examined
what effect would a metal preferring a tetragonal coordination geometry over
octahedral one, and to test this zinc(ll) was selected and reacted with L-(PFg)s.
Though most zinc(ll) salts provided no single crystals suitable for structure
analysis, zinc(ll) halides (CI-, Br-, I") yielded completely new type of dimeric
capsules containing ZnsL3X7 moieties. These as-of-yet reported dimeric capsules
are formed from two interlocking ZnsL3X7 moieties, and the dimer is seemingly
held together by a combination of electrostatic and n—r interactions. Furthermore,
a larger ZnsLslg dimeric capsule was obtained when (L2)-(PFes)3 was paired with
Zn(l3)2, and this assembly additionally contains a unique triple-anion sandwich-
like structure, where PFes~ anions are ‘sandwiched’ between two disordered
layers of triiodide.

The existence of MsLs assembly C3* in solution was verified by in situ
preparation and by redissolving the crystals of C3*. This suggests that the almost
instantaneous color change, which occurs when ligand and metal salt solutions
are mixed, is indicating the formation of other MsLg assemblies in solutions also
occur relatively quickly. The existence of a soluble cage unit gives rise for
potential host-quest chemistry applications for MesLg assemblies. The large
interior space of the aforementioned supercationic MsLs assemblies should be
suitable for encapsulating anionic quests other than the counter anions provided
by the ligand or by the metal source. Contrastingly, after encapsulating smaller
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anions, the now mostly negatively charged interior, might be capable of hosting
cationic guests.

An interesting observation during this study was the color changing
behavior under X-ray radiation. This phenomenon, which is most probably a
property of the ligand while interacting with metal, merits further investigation
for the underlying mechanism of the color change observed.

In conclusion, the results presented here demonstrate that multivalent
cationic N-donor ligands based on bipyridinium moieties are capable of forming
self-assembling stable supercationic (36+) cages with various metal sources,
while attaining the general MgLg assembly. Each MgLg assembly containing Ni"
or Cu' metal nodes exhibits octahedral coordination geometry, where two axial
sites are either pointing inward (endohedral) or outward (exohedral) of the cage
interior. These sites, occupied by either solvent molecules or anions, can be to an
extent be switched to another anion either by changing the original metal source
or by introducing a new anion post-assembly to the system. Additionally, each
MsLs cage unit is capable of encapsulating up to eight anions within the interior
cavity of the cage unit. Although it is possible to exchange these encapsulated
anions, further research is needed to optimize the procedure. The potentially
customizable interior of these MeLg assemblies offers a new way of creating, for
example, anion, solvent or dye capturing compounds. Furthermore, the cationic
tripodal ligands form the similar types of assemblies (MsLs) when paired with
octahedrally coordinating (Cu" and Ni") or square-planar (Pd'") metals, while
also be capable to form new type of assemblies (MsL3X7 or MsL4Xg) when paired
with tetrahedrally coordinating metal (Zn"). These new dimeric capsules possess
the unique combination of different metal-ligand coordination types, never
reported before.
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Appendix 1. Characterization of Ni(NO3)2 - 2.5 H,0.

In order to determinate the amount of water remaining in Ni(NO3)2 - x H20,
obtained by drying Ni(NO3)2 - 6 H20, the pale green solid was analyzed with
powder X-ray diffraction and TG/DSC.

Thermal degradation/decomposition of Ni(NOz)2 - 6 H2O is generally
agreed to proceed stepwise through tetra- and dihydrates followed by
complicated reactions leading eventually to NiO.1 No anhydrous Ni(NO3). phase
occurs, instead degradation of Ni(NOs). - 2 H20 leads to formation of alkaline
Nix(NO3)y(OH); species with varying compositions. Similarly the phase before
NiO can be Ni203, NizO4 or mixture of both depending on conditions and time.
The measured decomposition of Ni(NOz)2 - x H20 shows three distinct steps with
second and third step being amalgamation of multiple overlapping reactions
(Figure Al). As Ni(NO3)2 - x H2O is obtained by drying hexahydrate form, no
tetrahydrate phase is observed, and instead the first step corresponds to
formation of dihydrate phase, while the second step results an alkaline species
and third step vyields the oxide species. With second phase, assumedly,
corresponding to dihydrate species, the first step should be removal of water
alone. The observed mass loss of 4.159 % therefore corresponds to removal of
around 0.5 water molecules, which would indicate that the composition of the
semi-dehydrated salt is Ni(NO3)2 - 2.5 H20.
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FIGURE A1 Thermal decomposition of Ni(NOs),- x H,O under nitrogen atmosphere.



178

The measured powder X-ray diffraction pattern was compared in
HighScore program? to previously reported? nickel(ll) salts and was found to
correlate with both Ni(NOs). tetra- and dihydrates*> (Figure A2). So instead of
obtaining pure tetra- or dihydrate, by drying of the hexahydrate salt, the saltis a
mixture of both Ni(NOz3)2 - 4 H20 and Ni(NO3)2 - 2 H20. According to semi-
guantitative analysis, based on, RIR (Reference Intensity Ratio), performed in
HighScore, the ratio between Ni(NOs), tetra- and dihydrates is 30:70. This
indicates that the composition of obtained dried salt Ni(NO3)2- x H20 is in reality
approximately [Ni(H20)s]os[Ni(H20)2]Jo.7(NQs)2, or if using calculated average
level of hydration, around Ni(NOs3)2- 2.6 H2O. This also correlates with the level
of hydration observed with TG/DSC, and so the obtained salt Ni(NO3). - x H2O
was deemed to be equivalent for that of hemi(pentahydrate), Ni(NO3).- 2.5 H;O,
and treated as such moving forward.
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FIGURE A2 Powder X-ray diffraction pattern of Ni(NO3), - x H2O in comparison with
tetrahydrate and dihydrate salts of Ni(NOs)2, marked by red and blue coloured
line bars, respectively.
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Appendix 2. Structural description of [Ni(MeCN)s](PFe)2.

Crystallization of acetonitrile solution of Ni(PFe)2 via slow vapor diffusion of
chloroform yielded purple-blue crystals and X-ray diffraction analysis of crystals
revealed a structure of [Ni(MeCN)s](PFs)2 (Figure A3a). Compound crystallizes
in a trigonal space group R3 (a=b = 11.0545(5) A, ¢ = 16.5827(8) A, a = = 90°,
y =120°, V = 1754.95(18) A3, Z = 3). The asymmetric unit contains one
crystallographically distinct Ni'' atom in a special position (Occup.: 0.16667), one
MeCN molecule with full occupancy and one third of a PFs anion with
phosphorus atom located in a special position (Occup.: 0.3333) and two fluoride
atoms with full occupancy. The Ni--*NCCHjs bond distance is 2.062(3) A and the
angle from nickel to CHg, £(Ni-N-CH3), is 174.64(16)° while the acetonitrile itself
is near-linear with £(N-C-CH3s) being 179.2(4)°. In crystal lattice, the PFs~ anions
are located between [Ni(MeCN)e¢]2* units following order Ni---PFe---PFg---Ni,
which lies parallel to the crystallographic c-axis (Figure A3b—c), while similar
packing along a and b-axis is blocked by overlapping MeCN molecules. The
distance from Ni' to phosphorus atom in PFe is 5.4548(14) A, while distance
between two PFs anions is 5.673(3) A measured from phosphorus to phosphorus.
The [Ni(MeCN)s]2* units are packed in a three-dimensional ‘framework’, where
methyl ends of MeCN come to close proximity of neighboring Ni" ions with
distance between Ni' atoms being 8.4432(2) A (Figure A3d). The crystallographic
data of [Ni(MeCN)e](PFe)2 is presented in Table Al.

FIGURE A3 a) [Ni(MeCN)s](PFs)2, b) packing viewed along b-axis, ¢) packing viewed along
the crystallographic c-axis and d) close packing of [Ni(MeCN)g]2* units (only
one dimension is shown).
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Table Al. Crystallographic data for [Ni(MeCN)s](PFs)-.

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/A
b/A
c/A
al®
B/°
y/°
Volume/As3
z
Pcalc g/Cm3
w/mm-t
F(000)
Crystal size/mm3
20 range for data collection/°
Reflections collected
Independent reflections
Data/restraints/parameters
GooF on F?
Final R indexes [I = 2a(I)]
Final R indexes [all data]
Largest diff. peak/hole /e A3

[Ni(MeCN)s](PFe)2
C12H18F12N6NiP
594.96
120.00(10)
trigonal
R-3
11.0545(5)
11.0545(5)
16.5827(8)

90

90

120
1754.95(18)

3

1.689

1.073

894.0

0.245 x 0.142 x 0.129
4914 to 58.634
2825

958 [Rint = 0.0222, Rsigma = 0.0224]

958/12/52

1.073

R: = 0.0636, wR; = 0.1822
R1=10.0653, wR, = 0.1846
1.88/-0.86
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Appendix 3. Structural description of [Cu(L2)(MeCN)](PFs)s (M1)

Acetonitrile solution of (L2)-(PFe)s was stirred overnight at room temperature in
the presence of excess solid CuSCN, after which any solids were filtered off. Slow
vapor diffusion of CHCIs yielded orange-yellow crystals and the X-ray
diffraction analysis revealed a [Cu(L2)(MeCN)](PFe)s (M1) 1D-MOF structure
exhibiting a triclinic space group P1 (a = 11.0322(5) A, b = 18.9657(11) A,
¢ = 19.3071(9) A, @ = 92.132(4)°, £ = 91.364(4)°, y = 93.169(4)°, V = 4029.4(4) A3,
Z = 2). Asymmetric unit holds of one whole ligand, Cu' atom, four PFs~ anions,
two MeCN and two CHCIs; molecules (Figure Ada). The tetrahedral metal node
is bonded to one MeCN molecule and three ligands in such a way that each
ligand is bonded via different bpy arm (N2, N4 or N6). This essentially creates
two alternating loops between two ligands and two metal nodes that in turn
creates the one-dimensional framework (Figure A4b). The ethyl-groups of the
ligand are in all-trans -conformation and the bowl is occupied by PFs~ anion
located 4.791(3) A from centroid of the benzene core to phosphorus atom in PFg~.
Another PFg~ anion is located near Cu' node, while the remaining two anions are
located around the +1-valent nitrogen atoms of bpy arms. The bend angle of bpy
arms is between 114.06-116.15° and the distance between zero-valent nitrogen
atoms is 11.820(9) A for d(N2-N4), 12.194(9) A for d(N4-N6) and 15.840(8) A for
d(N2-N6), respectively.

In the crystal lattice, methylene-bridge (C24) of one of the bpy arm comes
near to another ethyl-group in different ligand, opposite to C24, with distance
from methylene-bridge to end of ethyl-group being 4.874(7) A (dczs—cs). The
MeCN bonded to metal node is pointing roughly towards its symmetry
equivalent on another framework with distance from methyl end to Cu' atom
being 6.929(10) A and the angle of £(Cu—CH3-Cu’) being 145.1(2)°. The packing
of M1 in crystal lattice is shown in Figure A5 and crystallographic data is
presented in Table A2.
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FIGURE A4 a) Monomer of M1 with encapsulated PFs~ anion and b) 1D framework of M1.
Free solvents and anions omitted for clarity.
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FIGURE A5 Packing of M1 viewed along the crystallographic a) b-axis and b) (-101) lattice

plane. Free solvents and anions omitted for clarity.

Table A2. Crystallographic data for [Cu(L2)(MeCN)](PFes)s (M1)

Compound

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

al®

B/°

y/°

Volume/As3

V4

Pealcg/Cm3

u/mm-t

F(000)

Crystal size/mm3

20 range for data collection/°
Reflections collected
Independent reflections
Data/restraints/parameters
GOF on F2

Final R indexes [I = 20 (1)]
Final R indexes [all data]
Largest diff peak/hole/e A-3

[Cu(L2)(MeCN)](PFo): (M1)
Cs1Hs3CleCuF24NgP4
1634.13
120.01(10)
triclinic
P-1
11.0322(5)

18.9657(11)

19.3071(9)

92.132(4)

91.364(4)

93.169(4)

4029.4(4)

2

1.347

3.791

1644.0

0.244 x 0.113 x 0.043
4.67 to 155.076

33897

16562 [Rin = 0.0743, Reigma = 0.0927]
16562/54/924

1.093

R1 =0.1074, wR, = 0.2982
R; =0.1431, wR, = 0.3457
1.78/-1.34
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Appendix 4. [Nis(L2)sCl11(NCS)s(PFs)](PFs)15Cl (C10)

Mixing MeCN/MeOH solution containing C4 cage unit and methanol solution
of NH4NCS in 1:12 ratio followed by slow vapor diffusion of CHCI3 yielded
blueish crystals and X-ray diffraction analysis of said crystals revealed a
[Nig(L2)sCl11(NCS)s(PFs)](PF6)15sCl  (C10) cube-like structure (Figure A6a)
crystallizing in triclinic space group P1 (a = 27.9733(5) A, b = 28.1904(6) A,
¢ =28.2330(5) A, a = 79.961(2)°, B = 70.193(2)°, ¥y = 77.463(2)°, V = 20 323.9(7) A3,
Z = 1). Asymmetric unit contains one half of the C10 cage unit with three
crystallographically distinct Ni'' ions (Nil, Ni2 and Ni3) each of which exhibit an
octahedral coordination geometry where the four equatorial sites are occupied
by ligands bpy arms and the two axial sites are occupied by 8 thiocyanate anions
and 4 chloride anions all sharing the same 12 axial sites (Figure A6b-d). The bond
lengths varied between 1.977-2.063 A for d(Ni-NCS) and 2.194-2.373 A for
d(Ni-Cl). The distances between diagonal Ni" ions are 21.105(3) A for
da(Ni1-Ni1’), 20.651(3) A for dy(Ni2-Ni2’), and 20.482(3) A for da(Ni3-Ni3")
respectively, while the distance between nearest Ni'' nodes are between 14.257-
14.993 A. The bridging angles between coordinated ligands are 179.0(3)°/177.3(3)°
for £(L-Nil-L), 179.1(3)°/178.0(3)° for £(L-Ni2-L) and 177.7(3)°/178.8(3)° for
4(L-Ni3-L), presented as (La—M-Lc)/ (Lb—M-Lq).

All expect one of the ligands possess all-trans-conformation regarding the
ethyl-groups, with the bent angles of bpy arms being between of 111.5-115.5°,
Two of ‘bowls’ are occupied by overlapping chlorides and PFs~ anions with
approximate occupancies of 0.75:0.25 (CI:PFs”), while the rest encapsulate only
chlorides. Encapsulated chlorides lie between 3.994-4.996 A from benzyl ring
centroid to, whereas PFs anions are located between 5.126-5.151 A from benzyl
ring centroid to phosphorus of the anion. No considerable disorder was observed
in the MeLg skeleton itself, but thiocyanate anions coordinated to the metal nodes
are disordered over two or three orientations similarly thiocyanate disorder
which was observed with C6 cage unit (see section 6.2.7). No free exo- or
endohedral thiocyanate anions were observed, and all of the expected 36 anions
(8X NCS~, 16x PFe~ and 12x CI") could be assigned. Several solvent molecules are
disordered among themselves with varying degree of disorder with CHCI; being
most prominent. Overall, 16.1 % of unit cell volume remains unassigned
according to solvent accessible surface calculated in Mercury as shown in Figure
Abe.

In crystal lattice, the individual C10 cage units are packed similar to simple
cubic packing model of regular spheres (Figure A6f-g) and each of the metal
nodes from different C10 cage units come near to each other, with a distances of
8.853(3) A, 10.480(3) A and 8.691(2) A between Nil, Ni2 and Ni3 nodes
respectively (Figure AG6h-i). Crystallographic data for single crystal X-ray
measurement of C10 is presented in Table A3.
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FIGURE A6 a) Structure of C10 cage unit with encapsulated anions, b-d) different metal
node variations, e) solvent accessible surface area within the unit cell of C10,
unit cell packing viewed along the crystallographic f) a-axis, g) along (111)
lattice plane and h-i) proximity of metal nodes. Only relevant atoms are shown.



185

Table A3. Crystallographic data for C10.

Compound

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

al’

B/°

y/°

Volume/As3

z

Pcalc g/Cm3

w/mm-t

F(000)

Crystal size/mm3

20 range for data collection/°
Reflections collected
Independent reflections
Data/restraints/parameters
GooF on F2

Final R indexes [I = 2a(1)]
Final R indexes [all data]
Largest diff peak/hole/e A-3

C10
Ca86.5H382Cl37.5F93.75N60.sNisP16Ss
10089.39

123.15

triclinic

P-1

27.9733(5)

28.1904(6)

28.2330(5)

79.961(2)

70.193(2)

77.463(2)

20323.9(7)

1

0.824

2.246

5142.0

0.573 x 0.417 x 0.281
3.408 to 143.996

128813

77513 [Rint = 0.0537, Rsigma = 0.0750]
77513/3158/3662

1.456

R1 = 0.1805, wR, = 0.4484
R1 =0.2317, wR2 = 0.4896
1.88/-0.65
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Appendix 5. [Nis(L2)sl3.5(MeCN)10.5(PFs)s] (PFs)24.7-nl1.8+n (C11)

Mixing acetonitrile solution containing C3* cage unit and methanol solution of
NHal in 1:8 ratio followed by slow vapor diffusion of EtOAc yielded yellow
crystals (Figure A7a) and X-ray diffraction analysis of said crystals
revealed a [Nig(L2)sl35(MeCN)105(PFe)s](PFs)24.7-nl1.8+n (C11) cube-like structure
(Figure A7b) crystallizing in tetragonal space group 14/m (a = b = 29.1921(6) A,
¢ =457041(12) A, a=p =y =90° V = 38 948.1(5) A3, Z = 2). Asymmetric unit
consists of one eight of the cage unit of C11 and contains two crystallographically
distinct Ni'' ions (Nil and Ni2) with Ni2 being disordered over two positions
with approximate occupancies of 0.85 and 0.15 respectively and the two positions
are separated by a distance of 0.50(5) A. Each metal node exhibits an octahedral
coordination geometry where the four equatorial sites are occupied by bpy arms
of the ligands and the two axial sites are occupied by endohedral iodide anion or
MeCN molecule (0.25:0.75) and single exohedral MeCN molecule (Figure A7c).
The distances between diagonal Nil" nodes are 24.401(2) A for da(Ni1-Ni1”),
20.722(11) A for dy(Ni2A-Ni2"), and 21.72(16) A for dy¢(Ni2B-Ni2B’) while the
distance between nearest Ni'' nodes was 14.322(3) A for d(Ni1-Ni1’), 14.488(3) A
for d(Ni1-Ni2A), and 14.85(4) A for d(Nil-Ni2B) with bridging angles between
ligands being 177.4(3)° for 4(L-Nil-L), 172.3(9)° for £(L-Ni2A-L), and 161(3)°
for £(L-Ni2B-L) with no difference between bridging angles of (L—M-L.) and
(Lo—M-Lgq). Two of the ligands zero-valent pyridine rings are disordered over two
orientations with approximate occupancies of 0.50 each and torsion angles of
77.6(5)° and 83.2(6)° between the two orientations.

All ligands of the cage unit are in syn-conformation where the bent angles
of bpy arms are between of 112.7-117.2° and each bowl encapsulates one PFg™
and I~ anion with approximate occupancies of 0.75 and 0.25 respectively (Figure
A7d). Encapsulated anions are located 4.906(3) A from benzyl ring centroid to
iodide or phosphorus atom of the PFe~ anion. The remaining charge of the
cationic cage is balanced out via exohedral anions (21x PFs~ and 1.8x I7), meaning
that total of 26.3 out of 36 anions could be positioned. The missing anions are
most likely disordered among the large volume of highly disordered solvent
molecules, with overall 23.3 % of unit cell volume remaining unassigned, based
on voids calculated in Mercury (Figure ATe).

In the crystal lattice, the packing of individual C11 cage units follows the
body-centered cubic (BCC) packing model, similarly to assemblies C1 and C9,
with of the C11 cage units being orientated in the same direction with Ni2 nodes
laying parallel with the crystallographic c-axis and Nil nodes laying parallel with
ab-plane (Figure A7f-g). Furthermore, the Nil nodes of different C11 cage-units
come near to each other, with 12.217(4) A between Nil atoms, and MeCN
molecules bonded to said Nil nodes come to a distance of 9.93(2) A measured
from carbon in CHs to nitrogen atom of the other MeCN molecule. This leaves
enough room for one disordered PFes~ anion to be located between two C11 cage
units along the Nil plane as shown in Figure A7h-i. Crystallographic data for
single crystal X-ray measurement of C11 is presented in Table A4.
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FIGURE A7 a) Crystals of C11, b) structure of C11 cage unit with encapsulated anions,
¢) metal node, d) encapsulated iodide anion, e) solvent accessible surface area
within the unit cell of C11, packing of C11 cage units viewed along the crystal-

lographic f) c-axis, g) b-axis, and h-i) PF¢~ anions between C11 cage units. Only
relevant atoms are shown.
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Table A4. Crystallographic data for C11.

Compound

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

al’

B/°

y/°

Volume/As3

A

Pcalc g/Cm3

u/mm-t

F(000)

Crystal size/mm3

20 range for data collection/°
Reflections collected
Independent reflections
Data/restraints/parameters
GooF on F2

Final R indexes [I = 2a(1)]
Final R indexes [all data]
Largest diff peak/hole/e A-3

Ci11

Cs325H346F 110515.3N505NigP21
8824.28

120.15
tetragonal

14/m

29.1921(6)
29.1921(6)
45.7041(12)

90

90

90

38948.1(19)

2

0.752

2.699

8906.0
0.25x0.21 x0.17
3.592 to 140.32
34212

34212

18108 [Rint = 00205, Rsigma = 00324]

18108/667/899

1.617

R: = 0.2069, wR; = 0.4911
R: = 0.2570, wR; = 0.5371
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Appendix 6. [Nis(L2)sls(MeCN)sg.25(PFe)3.75]122-n(PF6)2.25+n (C12)

Mixing acetonitrile solution containing C3* cage unit and methanol solution of
NHal in 1:20 ratio followed by slow vapour diffusion of EtOAc yielded yellow
crystals (Figure A8a) and the X-ray diffraction analysis of crystals revealed
a  [Nis(L2)sls(MeCN)s25(PFe)3.75]l22-n(PFs)225+n  (C12)  cube-like  structure
(Figure A8b) crystallizing in trigonal space group R3 (a = b = 58.7031(15) A,
C=75.1394(14) A, a = B =90°, y =120°, V = 224 244(9) A3, Z = 12). The asymmetric
unit contains four crystallographically distinct Ni'' ions (Ni1-Ni4) each of which
exhibit an octahedral coordination geometry where the four equatorial sites are
occupied by ligands bpy arms and the two axial sites are endohedral iodide anion
or MeCN molecule (0.67:0.33 or 0.50:0.50) and single exohedral MeCN molecule
(Figure A8c). The asymmetric unit of assembly C12 consists of one half and one
sixth of two individual [Nis(L2)s]3¢* cationic cages with slightly different
composition of encapsulated and coordinated anions. C12-1 (Nil-Ni3)
encapsulates 4 iodide and 3.33 PFs anions, and coordinates 4 iodide anions in
metal nodes, while C12-11 (Ni4) encapsulates 5 iodide and 3 PFs~ anions, and
coordinates 3 iodide anions in the metal nodes. Beyond that only major difference
is that the cationic skeleton of C12-11 is less disordered than the one in C12-1. In
C12-1 one ligand is missing one of the methyl ends of an ethyl group, while
another is missing two methyl ends and two of the +1-valent pyridine rings
including the methylene bridges are disordered over two positions with a
separation of 0.866 A and 1.352 A between centroids of the pyridine rings (Figure
A8d)

In C12-1, one out of four bowls encapsulate a single iodide anion with
approximate occupancy of 0.66 while being disordered over two positions (occup.
0.33 each), while the remaining bowls encapsulate both PFes~ and iodide anions
with approximate occupancies of either 0.50:0.50 (2x) or 0.66:0.33 (1x) in PFg~:I~
(Figure A8e). Additionally, each iodide anion coordinated to metal node has an
approximate occupancy of 0.66 and is most likely disordered with MeCN
molecules even though it was not possible to position all of the atoms in MeCN
molecule. In C12-I1, two of the bowls encapsulates a single iodide anion, while
the remaining six bowls encapsulate both PFs~ and iodide anions with
approximate occupancies of either 0.50:0.50 in PF¢~:I. Additionally the iodide
anion coordinated to metal node has an approximate occupancy of 0.50 and is
most likely disordered with MeCN molecules even though it was not possible to
position the atoms of MeCN molecule. The remaining charge is balanced out by
exohedral anions, of which 13.33 iodide and 2.25 could be positioned, while the
remaining negarive charge (8.67) is most likely a mixture of PFs~ and iodide
anions being disordered among large volume of disordered free solvents, with
overall 28.1 % of unit cell volume consisting of disordered molecules, based on
voids calculated in Mercury (Figure A8f).
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FIGURE A8 a) Crystals of C12, b) structure of C12 cage unit with encapsulated anions,
¢) metal node, d) disordered ligand in C12-I, e) disordered I-/PFs anions
within the bowl, and f) solvent accessible surface area within the unit cell of
C12. Only relevant atoms are shown.
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The distances between diagonal Ni" ions in C12—-l are 19.411(2) A for
da(Ni1-Ni1’), 20.761(7) A for da(Ni2-Ni2’), and 19.712(3) A for dg¢(Ni3-Ni3’) while
in C12-11 the diagonal distances are 21.373(6) A for dq(Ni4-Ni4") respectively. The
distance between nearest Ni' nodes is between 13.649-15.479 A in C12-1 and
between 15.03-15.508 A in C12-I1, while he bridging angles of bonded ligands in
metal nodes were 177.3(3)°/177.8(2)° for #(L-Nil-L), 175.2(4)°/177.3(4)° for
4 (L-Ni2-L), 177.8(2)°/179.0(3)° for #(L-Ni3-L), and 162.8(12)°/170.1(18)° for
4(L-Ni4-L), presented as (La—M-Lc)/(Lo—M-Lqg). The bend angles of bpy arms
are between 109.6-115.8° in C12-1 and between 113.2-117.0° in C12-11, with
encapsulated PFs anions laying 4.849-5.198 A from benzene ring centroid to
phosphorus atom and iodide were located 4.849-5.198 A from benzene ring
centroid. In C11-1, it was only possible to assign the some of the N-atoms of the
endohedrally coordinated MeCN molecules, whereas in case of C12-11 it was not
possible to assign the endohedrally coordinated MeCN molecules.

The unit cell contains 12 C12 cage-units, out of which 9 are C12-I cage units
and 3 are C12-11 cage units. The C12-11 cage units are located in the corners of
the unit cell and along (111) lattice plane, while C12-1 cage units are filling the
rest of the unit cell (Figure A9a-d) reminiscent of assembly C3 (see p. 93).
Crystallographic data for single crystal X-ray measurement of C12 is presented
in Table A5.

a)

FIGURE A9 Unit cell packing viewed along the crystallographic a) b-axis and b) c-axis.
Locations of C12-11 cage units in the unit cell viewed along c) b-axis and c-axis.
Green represents cage unit C12-1 and red represents cage unit C12-11. Only
relevant atoms are shown.
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Table A5. Crystallographic data for C12.

Compound

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

al’

B/°

y/°

Volume/As3

A

Pcalc g/Cm3

u/mm-t

F(000)

Crystal size/mm3

20 range for data collection/°
Reflections collected
Independent reflections
Data/restraints/parameters
GooF on F2

Final R indexes [I = 2a(1)]
Final R indexes [all data]
Largest diff peak/hole/e A-3

Ci12
Cas4H336F28121.33N53.75NigPs 5
9105.04

120.15

trigonal

R-3

59.2507(14)
59.2507(14)
74.7834(19)

90

90

120

227364(12)

12

0.798

7.390

53633.0

0.41 x 0.26 x 0.08
3.544 to 133.986
144939

89314 [Rint = 00455, Rsigma = 00809]

89314/542/2932

1.237

R1=10.1933, wR, = 0.4663
R1 = 0.2615, wR; = 0.5420
2.10/-0.85
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Appendix 7. [Pde(L2)s(BF4)4(PFe)4](PFes)23-n(BF4)s+n (C13)

Mixing acetonitrile solutions of (L2)-(PFs)s and [Pd(MeCN)4](BF4)2 in 4:3 ratio,
followed by slow vapor diffusion of EtO yields colorless crystals and X-ray
diffraction analysis of crystals revealed a [Pds(L2)s(BFa4)a(PFe)a](PFe)23-n(BFa)s+n
(C12) cube-like structure (Figure Al0a) crystallizing in trigonal space group R3
(a=b=42.1007(10) A, ¢ = 37.9733(15) A, a = =90°, ¥ =120°, V = 58 289(3) A3,
Z = 2). Due to high level of disorder it was not possible to determinate the
structure to a satisfactory level, and therefore the assembly was instead
determined in a triclinic space group P1 (a = 27.3683(11) A, b = 27.3977(9) A,
c = 27.3946(9) A, a = 100.385(3)°, £ = 100.314(3)°, ¥y = 100.481(3)°,
V =19 385.3(13) A3, Z = 1). The asymmetric unit consists of one half of a C13 cage
unit and contains three crystallographically distinct Pd" ions (Pd1, Pd2 and Pd3)
each of which exhibits a square-planar coordination geometry where the four
coordination sites are occupied by ligands bpy arms (Figure A10b). The distances
between diagonal Pd" nodes are 20.5229(17) A for dy(Pd1-Pd1’), 20.5075(18) A for
da(Pd2-Pd2"), and 20.5210(17) A for dy¢(Pd3-Pd3’), while the distance between
nearest Pd'' nodes was between 14.471-14.6541 A. The bridging angles of bonded
ligands in metal nodes were 177.0(3)°/177.4(3)° for #(L-Pdi1-L),
177.7(3)°/179.4(5)° for A(L-Pd2-L) and 177.7(4)°/178.0(3)° for #(L-Pd3-L),
presented as (Le—M-Lc)/(Lo—M-La).

All ligands of the cationic cage unit are in syn-conformation where the bent
angles of bpy arms are between of 110.5-116.2° and four of the ligands
encapsulate one BF4~ anions each and the remaining four ligands encapsulate
four PFs~ anions, and one encapsulated PFes~ anion was disordered over two
position with approximate occupancies of 0.50 each (Figure A10c). Encapsulated
BF,~ anions lie between 5.11-5.14 A from benzyl ring centroid to boron of the
anion, whereas encapsulated PFg anions are located between 5.039-5.134 A from
benzyl ring centroid to phosphorus of the anion. Exohedral anions are a mixture
of BF4~ and PF¢~ anions and based on assigned anions and elemental analysis
within Olex?, the ratio of exohedral BF4:PFs™ is 5:13, which suggest that PFs~ is
preferred over BF4 but it is noteworthy that both anions are disordered among
themselves. Out of expected 36 anions, 25.5 could be positioned (9x BFs~ and
16.5x PFg") with the remaining 10.5 anions most likely being disordered among
the large volume of disordered free solvents as no free solvent molecules could
be assigned. Overall, 28.4 % of unit cell volume consist of disordered molecules,
based on solvent accessible voids calculated in Mercury (Figure A10d).

In crystal lattice, the individual C13 cage units are packed similar to simple
cubic packing model of regular spheres (Figure Al0Oe-f) and each of the metal
nodes from different C13 cage units come near to each other, with the distances
of 8.1340(14) A, 8.1265(14) A and 8,1337(14) A between Pd1, Pd2 and Pd3 nodes
respectively (Figure A10g-h). Crystallographic data for single crystal X-ray
measurement of C13 is presented in Table A®6.
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FIGURE A10 a) Structure of C13 cage unit with encapsulated anions, b) metal node,
¢) encapsulated BFs~ anion, d) solvent accessible surface area within the unit
cell of C13, unit cell packing viewed along the crystallographic e) a-axis, f)
along (111) lattice plane and g-h) proximity of metal nodes. Only relevant at-
oms are shown.



Table A6. Crystallographic data for C13.

Compound

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

al’

B/°

y/°

Volume/As3

A

Pcalc g/Cm3

u/mm-t

F(000)

Crystal size/mm3

20 range for data collection/°
Reflections collected
Independent reflections
Data/restraints/parameters
GooF on F2

Final R indexes [I = 2a(1)]
Final R indexes [all data]
Largest diff peak/hole/e A-3

C13
Css0H360BoF120.5N4gP16.5Pds
8895.13

120.15

triclinic

P-1

27.3683(11)
27.3977(9)
27.3946(9)
100.385(3)
100.314(3)
100.481(3)
19385.3(12)

1

0.762

1.942

4509.0

0.57 x 0.44 x 0.33
3.36 to 137.998
122149

71370 [Rint = 00410, Rsigma = 00546]

71370/2208/2813

1.338

R1=0.1779, wR, = 0.4402
R =0.2332, wR; = 0.5151
2.96/-0.67
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Table A7. Single crystal X-ray experimental details for ligands.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a’A

b/7A

c/A

al®

B/°

y/°

Volume/As3

Zz

Pcalc g/Cm3
u/mm-t

F(000)

Crystal size/mm3

20 range for data collection/®

Reflections collected

Independent reflections

Data/restraints/parameters

GooF on F2

Final R indexes [I = 20(1)]

Final R indexes [all data]
Largest diff peak/hole/e A-3

Flack parameter

(L1)-Brs
Ca3H47Br3Cl2NeOs
1006.49
120.00(10)
triclinic

P-1

10.7684(10)
11.6237(8)
18.1308(13)
95.087(6)
103.175(7)
104.053(7)
2118.5(3)

2

1.578

5.072

1020.0

0.264 x 0.192 x 0.175
5.064 to 153.252
13349

8481 [Rint = 0.0292,
Reigma = 0.0357]
8481/8/555

1.038

R1 = 0.0457,

wWR; =0.1239

R; =0.0476,

WR, = 0.1255
2.42/-1.14

(L1):(PFe)s
CesH79.5F36N12.5Ps
2145.93
120.01(10)
orthorhombic
Pna2;

30.3451(6)
11.1987(2)
27.2537(6)

90

90

90

9261.5(3)

4

1.539

2.205

4364.0

0.38 x 0.052 x 0.021
3.242 to 147.99
25606

13215 [Rint = 0.0635,
Reigma = 0.0961]
13215/91/1336
1.067

R1 = 0.0754,

wWR; = 0.1599

R; =0.1097,

wR, =0.1796
0.65/-0.47
0.03(5)

(L2)'BI’3
Cs0HesBrsNegOs
1069.81
120.01(10)
orthorhombic
Pna2;
23.6932(3)
11.1282(2)
19.2861(3)

90

90

90

5085.03(14)

4

1.397

3.343

2208.0

0.28 x 0.208 x 0.175
8.76 to 136
11121

6188 [Rint = 0.0219,
Rsigma = 0.0280]
6188/2/638
1.054

R; =0.0372,
WR; = 0.1041
R; = 0.0380,
wR; =0.1051
0.63/-0.40
-0.032(11)

(L2)-(PFe)3
Ca7H18F18N6.34P3
1136.51
120.00(10)
hexagonal

P63

11.9234(3)
11.9234(3)
19.9434(4)

90

90

120

2455.44(13)

2

1.537

2.114

1163.0

0.319 x 0.226 x 0.191
8.564 to 153.118
6639

3018 [Rint = 0.0322,
Reigma = 0.0402]
3018/1/299
1.075

R: =0.0437,
wWR; =0.1194
R; =0.0452,
wR; =0.1215
0.67/-0.27
0.00(2)

(L2):(NTf)s
Cs1H47F18NgO125S6
1538.35

120.00(10)
monoclinic

P21/C

10.4945(7)
27.068(2)
22.880(3)

90

101.995(9)

90

6357.7(11)

4

1.607

3.087

3136.0

0.17 x 0.052 x 0.026
5.124 to 157.628
22598

12853 [Rint = 0.1449,
Reigma = 0.2176]
12853/0/919
0.963

R; =0.1364,

WR; = 0.3441

R; = 0.3255,

WR, = 0.4929
0.78/-0.49
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Table A8. Single crystal X-ray experimental details for MsLg assemblies.

Identification code
Empirical formula2

Formula weight
Temperature/K
Crystal system
Space group
a/A

b/7A

c/A

al’

B/°

y/°

Volume/As

Zz

Pcalc g/Cm3
u/mm-t

F(000)

Crystal size/mm3

20 range for data collection/°

Reflections collected

Independent reflections

Data/restraints/parameters

GooF on F2

Final R indexes [I = 20(1)]

Final R indexes [all data]

Largest diff peak/hole/e A-3
#Empirical formula does not include molecules excluded with solvent masking.

C1
Ca81.1H368.1Cl108CUSs
F1534N78P26.2
10530.93

100.15

tetragonal

14/m

27.5958(2)
27.5958(2)
48.8799(5)

90

90

90

37223.4(7)

2

0.940

1.753

10664.0

0.306 x 0.243 x 0.197
7.234 to 145.964
35238

18237 [Rint = 0.02186,
Reigma = 0.0300]
18237/859/1148
1.499

R1=0.1234,

WR, = 0.3466

R; =0.1430,

wR; = 0.3722
1.05/-0.53

C2
Cas9H3515Cl185CU6F 445
N575085P7.5

8946.30

120.15

monoclinic

C2/c

49.8080(12)
29.2146(6)
55.7326(13)

90

113.168(3)

90

74557(3)

4

0.797

1.437

18358.0

0.351 x 0.174 x 0.141
3.588 to 101.002
87024

38774 [Rint = 0.0479,
Reigma = 0.0739]
38774/3046/4052
1.289

Ry =0.1227,

wR, =0.3222

R; =0.1481,

wR; = 0.3517
1.00/-0.46

C3
Cae8.75H363.75F 133,88
Ne3.75NigO105P22.5
9449.17

123.15

trigonal

R-3

58.7031(15)
58.7031(15)
75.1394(14)

90

90

120

224244(12)

12

0.840

1.232

57802.0

0.38 x 0.35 x 0.13
3.528 to 146.544
145863

95240 [Rint = 0.0296,
Reigma = 0.0570]
95240/2674/3887
1.342

R; =0.1567,

wWR; = 0.4076

R; =0.2194,

WR; = 0.4624
1.46/-0.58

C3*
Csg2H387F191N61NiP32

10804.80

123.15
monoclinic
C2/c
40.9416(13)
45.5508(13)
41.8085(15)

90

90.979(3)

90

77958(4)

4

0.921

1.503

21892.0
0.2x0.19x0.11
4.418 to 146.54
124040

74523 [Rint = 0.0684,
Rsigma = 0.1056]
74523/2150/3160
1.131

R; =0.1587,

WR; = 0.3993

Ry = 0.2231,

WR> = 0.4549

1.26/-0.80

C4
Ca3635H362Cl23F35Nag 5
NisOP145

8657.67

120.15

monoclinic

C2/c

40.1388(10)
40.1148(9)
46.1812(15)

90

103.279(3)

90

72371(3)

4

0.795

1.726

17728.0

0.331 x 0.131 x 0.095
3.156 to 132.618
110502

61162 [Rint = 0.0485,
Ruigma = 0.0646]
61162/2632/3154
1.317

R; =0.1678,

WR, = 0.4247

R; =0.2321,

wWR; = 0.4808
1.05/-0.57
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Table A9. Single crystal X-ray experimental details for MsLg assemblies.

Identification code
Empirical formula2

Formula weight
Temperature/K
Crystal system
Space group
a/A

b/7A

c/A

al’

B/°

y/°

Volume/As

z

Pcalc g/Cm3
u/mm-t

F(000)

Crystal size/mm3

20 range for data collection/°

Reflections collected

Independent reflections

Data/restraints/parameters

GooF on F2

Final R indexes [I = 20(1)]

Final R indexes [all data]

Largest diff peak/hole/e A-3
#Empirical formula does not include molecules excluded with solvent masking.

C5
CarasH381.75BrizaFios11
Nss.25NisP1g.15
9595.86

120.15

monoclinic

P2/n

41.5326(8)
45.7321(7)
41.5248(7)

90

90.088(2)

90

78871(2)

4

0.808

1.769

19405.0

0.55 x 0.48 x 0.37
3.574 t0 146.498
269551

152677 [Rint = 0.0443,
Reigma = 0.0538]
152677/4980/6094
1.603

R1=0.1942,

wWR, = 0.4849

R; =0.2691,

wR; = 0.5604
2.64/-1.33

C6
Cas2.6Hass5F143.6Nss.9
NisOg2P24S12
11200.99

123.15

triclinic

P-1

27.8784(5)
27.9602(8)
29.0693(7)
62.560(3)
70.3815(19)
77.8548(19)
18900.3(9)

1

0.984

1.637

5733.0

0.661 x 0.565 x 0.403
3.562 to 148.13
114835

72884 [Rint = 0.0363,
Reigma = 0.0560]
72884/2905/4128
1.224

R1 =0.1048,

wWR2 =0.2939

R; =0.1290,

WR; = 0.3268
1.27/-0.67

C7
Cag7H3635Cl205F72Ng0.5
NisO48S24

10165.34

120.15

trigonal

R-3c

33.1670(3)
33.1670(3)
124.0564(10)

90

90

120

118185(2)

6

0.857

2.172

31167.0

0.354 x 0.248 x 0.192
4,192 to 147.962
126969

26323 [Rint = 0.0353,
Reigma = 0.0233]
26323/882/1218
1.680

R1 = 0.1458,

wR2 = 0.4007

R; =0.1686,

WR; = 0.4278
1.81/-0.97

C8
Cag2H363.75Br1sFasNe2s
NisO335518
9406.07

120.15
monoclinic

C2/c

41.0344(6)
40.4562(9)
49.2477(8)

90

100.310(2)

90

80436(3)

4

0.777

1.862

19097.0
0.56%0.48%x0.4
6.852 to 148.576
137708

78031 [Rint = 0.0259,
Ruigma = 0.0361]
78031/476/3063
1.449
R1=0.1347,
wR; = 0.3754

R; = 0.1566,
WR; = 0.4029
2.16/-0.94

C9
CagoH3785CUsF180N60
Pso

10516.25

120.15
monoclinic

12/m

29.6124(10)
46.5621(13)
20.6277(9)

90

90.012(3)

90

40851(2)

2

0.855

1.389

10645.0

0.24 x 0.22 x 0.18
3.534 t0 132.988
71420

35438 [Rint = 0.0371,
Ruigma = 0.0426]
35438/2123/2059
1.520

R; =0.1576,

WR, = 0.4277

R; =0.1963,

WR; = 0.4589
0.73/-0.56
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Table A10. Single crystal X-ray experimental details for dimeric capsules.

Identification code
Empirical formula2

Formula weight
Temperature/K
Crystal system
Space group
a’A

b/7A

c/A

al’

B/°

y/°

Volume/As

Zz

Pcalc g/Cm3
u/mm-t

F(000)

Crystal size/mm3

20 range for data collection/°

Reflections collected

Independent reflections

Data/restraints/parameters

GooF on F2

Final R indexes [I = 20(1)]

Final R indexes [all data]

Largest diff peak/hole/e A-3
#Empirical formula does not include molecules excluded with solvent masking.

D1
C144H149Cl7F60N 2200 5
P10Zn4

4155.17

120.15

triclinic

P-1

22.1367(3)
22.8679(3)
25.2691(4)
112.6862(13)
101.4546(13)
90.1222(12)
11523.1(3)

2

1.198

2.682

4200.0

0.296 x 0.229 x 0.127
6.756 to 145.992
73242

45186 [Rine = 0.0231,
Rsigma = 0-0345]
45186/1757/2412
1.061

R1 = 0.0854,

WR, = 0.2525

R; =0.0943,

WR; = 0.2657
1.36/-1.09

D2
Cu149H158Br7FsoN2302
P10Zn4

4573.52

120.15

triclinic

P-1

22.4439(4)
25.3852(5)
26.1323(4)
61.3103(19)
72.1709(15)
84.7924(16)
12405.4(5)

2

1.224

3.136

4568.0

0.49 x 0.199 x 0.107
3.976 to 145.992
81393

48692 [Rint = 0.0254,
Rsigma = 0.0400]
48692/207/2498
1.036

R; =0.0731,

WR, =0.2223

R; =0.0834,

WR; = 0.2405
1.29/-1.89

D3
Cis3s5H165.25F5717N24.75
025P95Zn4

4923.84

120.15

monoclinic

P21/C

22.6771(4)
45.8546(8)
25.7178(5)

90

100.7886(18)

90

26269.9(8)

4

1.245

8.135

9704.0

0.248 x 0.204 x 0.114
3.966 to 148

114597

52886 [Rint = 0.0386,
Ruigma = 0.0536]
52886/2455/2947
1.035

R1 =0.0794,

wR; =0.2334

R; =0.0926,

wWR; = 0.2500
2.32/-0.92

D4
Cu3aH130F5117N210OPg 5
Zn4

4432.61

144(30)

triclinic

P-1

22.7773(3)
23.3081(4)
24.5807(4)
102.8010(10)
109.0290(10)
93.0280(10)
11918.8(3)

2

1.235

8.801

4333.0

0.416 x 0.109 x 0.061
3.924 to 147.998
93982

47575 [Rint = 0.0621,
Ruigma = 0.0773]
47575/204/2152
1.035

R; =0.0881,

wWR, =0.2470

R; =0.1429,

WwR; =0.2911
2.01/-1.22

D5
Cue3.75H201.5F35.2126.6
N3150P7.8Zns
7600.11

120.15

monoclinic

P2/n

27.4114(3)
27.4257(3)
44.0965(5)

90

90.0050(10)

90

33150.7(6)

4

1.523

20.720

14344.0

0.2 x0.193 x 0.166
3.794 to 135.996
127217

58766 [Rint = 0.0578,
Ruigma = 0.0723]
58766/2475/3495
1.053

R = 0.0958,

wWR, =0.2759

R; =0.1322,

wR; = 0.3131
2.29/-1.96
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Appendix 11. IH NMR spectra of the ligands
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Appendix 12. IH NMR spectra of C3* assembly

39.103
37.442

1.481
3.829

T f‘Jl 1.0000
ppm )

0.30 Hz

45 40 35 30

20 15 10 5 ppm

T T T T
45 40 35 30

25 20 15 10 5 ppm

FIGURE A16 Full tH NMR spectrum (500 MHz, CD3CN, room temperature) of crystallized
C3* assembly, with detailed look at peaks around 37.4 ppm and 39.1 ppm.
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Appendix 13. TG/DSC graphs of the ligands
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FIGURE A20 TG/DSC graph (Air, 40 ml min-) of ligand (L1)-Brs.
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FIGURE A21 TG/DSC graph (Air, 40 ml min-t) of ligand (L1)-(PFe)s.
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Appendix 14. TG/DSC graphs of selected MsLs assemblies
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FIGURE A28 TG/DSC graph (Air, 40 ml min-t) of assembly C5.
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FIGURE A29 TG/DSC graph (Air, 40 ml min-t) of assembly C6.



Appendix 15. TG/DSC graphs of selected dimeric capsules
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FIGURE A30 TG/DSC graph (N2, 40 ml min-1) of dimeric capsule D1.
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FIGURE A31 TG/DSC graph (N2, 40 ml min-1) of dimeric capsule D2.
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