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Chapter 1
Using Self-assembly to Construct Supramolecular
Architectures
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1. Supramolecular chemistry for molecular organization
The field of chemistry has made tremendous progress in creating ever more refined structures
beyond the molecule.[1] The individual molecular components can interact through noncovalent bonds, such as hydrogen bonds, van der Waals interactions and many other
electrostatic interactions. Extraordinary architectures have been created, still, non-covalent
chemistry is not yet as sophisticated as covalent synthesis. Several strategies have been
developed in state-of-the-art in supramolecular bond-making. However, controlling to
outcome of self-assembly remains a major challenge. The next part discusses how selfassembly allows for these complex architectures to come into existence by dealing with the
question: what is self-assembly? Next, strategies for constructing supramolecular architectures
are discussed based on selected examples from literature. The final part discusses what the
thermodynamic and kinetic implications are of the supramolecular construction methods.
Based on these findings, we propose two different strategies for controlling self-assembly as
the aim of Part A.
2. What is self-assembly?
2.1. Thermodynamic implications of self-assembly
Many architectures are formed in a spontaneous manner within the biological cell. Cell
membranes, for example, self-assemble in bilayer vesicles from individual phospholipid
molecules. As there is no general consensus on the terminology “self-assembly”, in this thesis
self-assembly is described as follows. The term self implies that the structure that is generated
is not imposed by any external source of information. Self-assembly proceeds spontaneously
when the final state in which all involved components are assembled is lower in energy. Figure
1a shows an example of an energy diagram for self-assembly. The formation of bilayers is an
equilibrium seeking process that only requires the presence of the components themselves.
During assembly, energy is released (Gibbs free energy,ΔG ) making this an exergonic
process.[2]The final state of the system is determined by the Boltzmann distribution,
potentially resulting in a combination of different structures. The self-assembled structure can
be the lowest thermodynamic point in the landscape, or it can reside in a local minimum. The
latter is described as a kinetic trapped state, as reaching thermodynamic minimum is
obstructed by a high energy barrier (Figure 1b). In fact, many systems that are supposed to
reside in equilibrium are often found to occupy a kinetically trapped state. Hence, these
products are characterized as long-lived transient products.[3] An example of kinetically
trapped structures are phospholipid bilayer vesicles, which form quickly under kinetic control
and can be stable under certain conditions. However, these vesicles are not the
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thermodynamically most stable species. Instead a hydrated crystal comprised of
phospholipids is the lowest energy state for this system.[4] While bilayer vesicles are transient
products, the kinetically trapped bilayer structure still plays an essential role in the cell.

Figure 1. a) Energy diagram of a chemical system residing in chemical equilibrium or b) in a
kinetically trapped state. The difference between these two thermodynamic regimes is that for
a system at equilibrium the specific pathway to end up in the final state is irrelevant as the
final state is always the same determined by the Boltzmann distribution, whereas this is not
the case for a kinetically trapped state. By performing assembly under kinetic control the
pathway does matter as the relative energy barriers determine the final state. c) An example
of self-assembly of amphiphilic phospholipids that spontaneously transform into bilayers
when added to water.

2.2. Example of adaptation at equilibrium
A self-assembled structure at equilibrium can be perturbed by a (photo)chemical or physical
trigger. For example if we would add ibuprofen (a commonly used painkiller) to the bilayer
vesicles, the system will seek a new equilibrium state. The response of the system to the
chemical stimulus is known as adaptation (Figure 2). Adaptation in this system can be
considered as reorientation of the system under equilibrium conditions. [5] Effectively, in this
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example ibuprofen will be dissolved within the bilayer while the vesicle assembly stays
intact.[6]

Figure 2. Addition of ibuprofen to a bilayer membrane perturbs the equilibrium state of the
system. By dissolving ibuprofen into the bilayer a new equilibrium state is achieved.

2.3. Life takes place outside of equilibrium
Although the former part is focused on self-assembly at equilibrium, Nature’s structures are
regulated outside of equilibrium, which is called dynamic self-assembly, also known as selforganization or active out of equilibrium self-organization.[2,5,7,8] These far-from-equilibrium
systems need a constant flow of energy to be maintained. The source of energy can be lightbased or chemically based by means of a fuel.[9,10] The fuel that is used by Nature is adenosine
triphosphate (ATP), which is involved in all chemical processes that are endergonic (requiring
energy) taking place in the cell. Living systems are constantly battling against equilibrium to
preserve structure and function. As maintaining the out-of-equilibrium state requires a
constant burning of ATP, this molecule is vital to all life-forms.[11]
Living organisms can respond to chemical and physical changes in the environment, while
the integrity of the cell stays intact. These responses are considered as adaptation taking place
far from equilibrium. This type of behavior is known as complex adaptive behavior.
Effectively, the cell preserves a relatively stable internal state by keeping the physical and
chemical conditions under control.
homeostasis.

[13]

[12]

This ability to maintain a steady-state is called

Maintaining a steady-state requires a constant flow of energy. If energy input

stops, homeostasis will cease and the life-form will fall victim to equilibrium-seeking processes
and eventually die.
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2.4. Light and life
Ultimately, the formation of ATP as fuel involves conversion of light energy into chemical
bonds. This process is known as photosynthesis and is used by plants and micro-organisms.
Hence, the sun is the energy source of life as we know it and is discussed in depth in Part B,
Chapter 4. In the last phase of the photosynthetic process, ATP is generated in an
extraordinary process making use of a biological nanomachine called ATP-synthase.[14]
During this process, adenosine diphosphate (ADP) and inorganic phosphate (Pi) are fused to
make ATP. The energy that is needed to fuse these to molecules comes from the rotating
movement of the machine, transferring mechanical energy into chemical energy to drive this
uphill reaction. This nanosized machine is one of many in the human body to drive systems
away from equilibrium. Next to ATP-synthase other nanosized machines are employed to
induce molecular motion to move from one location to another with specialized motor
proteins.[15] Chemists aim to create artificial molecular machines by mimicking biological
nanomachinery to perform chemistry far from equilibrium. Artificial molecular machines are
further highlighted in Chapter 4.
2.5. Towards complex matter
Regarding the biological cell, molecular self-organization can be considered as a dynamic
interplay between the components of the cell, from where new properties emerge. If we wish
to translate the complexity of a cell into synthetic systems, the implications are the following.
A requirement for smart materials is that the material should be dynamic, meaning it should
be able to react to changes in the environment, known as adaptive behavior.[16] Adaptive
chemistry under non-equilibrium conditions can lead to the emergence of more complex
systems with higher level features. Through the processes of competition and selection, new
features can integrate into the system. This type of selection paves the way for chemical
evolution to happen, which is the underlying process of matter becoming complex. [17]
However, obtaining general understanding of dynamics of a system at equilibrium is already
challenging, let alone doing so for a system residing far from equilibrium. [18] In order to design
complex adaptive structures and materials, first the dynamics of assembling structures under
equilibrium conditions must be well-understood before transitioning to non-equilibrium
systems. Over the past years, different ways for constructing supramolecular architectures
have been investigated using a variety of building blocks and several types of interactions. The
following sections deal with a selection of different approaches for construction of
supramolecular architectures that have been applied to date.
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3. Characteristics of non-covalent interactions
3.1. The power of the non-covalent bond
Nature uses supramolecular interactions to make functional architectures in the cell, e.g.
organelles such as the cytoskeleton. Several structures are formed via controlled self-assembly
under thermodynamic conditions. Protein folding, for example, is driven by the formation of
hydrogen-bonds (H-bonds) and hydrophobic effects. These suprastructures are not based on
covalent bonds but are stable nonetheless and demonstrate features of functional materials.
Inspired by these stable, non-covalent-based materials, chemists developed supramolecular
polymers that are based on hydrogen bonding.[19] The supramolecular polymer has specific
structural and physicochemical properties akin to a covalent polymer, but also it possesses the
ability to undergo reversible changes in structure and shape, as a response to external stimuli
such as chemical or photochemical triggers.[20] The idea that a non-covalent bond can lead to
a stable material opened up the development of a new class of dynamic polymers using
supramolecular interactions that nowadays find application even in the medical field. [21] This
example of supramolecular polymers as functional material demonstrates the power of the
non-covalent bond in making new chemical systems and materials. The principles of
supramolecular interactions will be discussed by highlighting key literature examples
throughout this sections.
3.2. Supramolecular interactions
Supramolecular chemistry uses non-covalent interactions for molecular recognition between
two compounds. Non-covalent bonds are based on a dispersive interaction between two
binding sites, in contrast to a covalent bond where and electron pair is shared between two
atoms.[22] The type of non-covalent interactions can be classified into different categories,
which are summarized in Table 1.[23]
1.

Electrostatic interactions (H-bonds, salt bridges, ion–ion, halogen bonding)

2.

van der Waals forces (dipole interactions)

3.

π-interactions

4.

Hydrophobic effects
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Table 1. Summary of different non-covalent interactions including average bond energies [22–24]

Bond
energy
Category

Sub-category

Example
-ΔG

(kJ

mol-1)

H-bond
(neutral)

2–10
Amide-amide bond [24]
Crown ether

H-bond
(cationic)

2–10

[25]

Electrostatic

H-bond
(anionic)

10–60
[26]

Ion–ion
(water)

5–8

[24]
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Halogen
bonds

Van der Waals

Dipole–dipole

1–15
[22]

5–50
[22]

π–π

1–17
[27]

π–effects
1–3
π–ion
1–7
[28]

Hydrophobic

1–60

effects

[22]

Ion–dipole

50–200
[22]

Miscellaneous
Coordination
bond

60–250
[29]

18

In general bond energies for non-covalent interactions are in the range of ca. 10–350 kJ mol-1
compared to 200–500 kJ mol-1 for single covalent bonds (Table 1). Other interactions are
possible such as combinations between these categories, for example dipole–π interactions.
Furthermore, the coordination chemistry is widely applied to construct supramolecular
architectures. Coordination chemistry is based on metal–ligand bonding between a
(transition) metal M and a ligand L to form a coordination compound ML n (n = number of
ligands). The strength of this interaction is 60–250 kJ mol-1, which is in between covalent
bonds (200–500 kJ mol-1) and weak, non-covalent interactions (2–40 kJ mol-1).[29] The M–L
interaction is still highly reversible, yet some types of coordination bonds can add rigidity to
the structure as well. As every metal has its preferred coordination geometry, a variety of
structures can be constructed with different shapes and sizes using different ligands. [30] The
M–L interaction is of great importance to the supramolecular chemist’s toolbox,
demonstrated by the enormous amount of M–L based architectures.
4. Self-assembly methods in supramolecular chemistry
The field of supramolecular chemistry employs self-assembly to create architectures in a
similar manner to how large molecules are synthesized through covalent bonding. To control
the formation of architectures over others, chemists should control molecular recognition by
programming molecules to act in a desired way.[31] Regulating the transformation of
supramolecular bonds is considered as non-covalent synthesis, as an active execution by
making use of self-assembly in a controlled fashion. The challenge here is that non-covalent
interactions are relatively weak compared to covalent bonds making/breaking non-covalent
bonds have lower activation barriers. On the other hand, the reversibility of supramolecular
bonds, allows for the dissociation and re-association of components. Such (dis)association
events can be used to our advantage, as it enables a system to correct assembly-mistakes and
respond to external stimuli through small modification and reorganization of fundamental
elements.[31] To construct large (functional) structures, there are two main approaches either;
i) via controlled synthesis, or, ii) based on selection of elements.
4.1. Structures formed by selection: constitutional dynamic chemistry (CDC)
Constitutional dynamic chemistry (CDC) is an approach for selecting the most suitable candidate
from a large set of similar compounds that can exchange with each other under specifically
chosen reaction conditions.[32,33] This strategy can be used to select the most suitable host for
a guest from a mixture containing multiple potential host–guest complexes. If the guest
(Figure 3a, pink) is added to a mixture of structures based on similar components, these
components will compete for binding with the guest to form a host–guest complex. Under
19

equilibrium conditions, the thermodynamically most stable host–guest complex will reveal
itself.[34]

Figure 3. a) Selection process of most stable host for the guest (pink). Upon addition of the
components, the elements will interact in a certain way. If then guest is added, the most
suitable host will bind to the guest. In this way a guest can be designed for this specific host.
b) Example of a small DCL that from different macrocycles when guest G1 or G2 is added
by Sanders and coworkers.[35]

Whole libraries of structures can emerge via reversible bond formation, leading to a dynamic
combinatorial library (DCL) [35–37] DCLs can be based on both covalent or non-covalent bond
making/breaking. An example of this is based on sulfide macrocycles, represented in Figure
3b.[35] In this DCL, two different guests (G1and G2) could be selected that both amplify the
formation of a tightly bound host–guest complex at the expense of the remaining components.
Starting from thiol building blocks BB1, BB2 and BB3 in absence of a template, a mixture is
obtained including macrocycle M1 and M2. However, when guest G1 is added, the formation
of a new species is promoted (macrocycle M3) while addition of guest G2 leads to formation
of macrocycle M4.The composition of the DCL is dependent on the thermodynamic stability
of the formed complexes. This property exposes the most thermodynamically stable
20

complexes under the selected reaction conditions. The most important requirement for the
exchange reaction is that the reversibility happens on a timescale that is relevant to the
selection.[38] Weak, labile bonds reach equilibrium quickly, but such a composite is prone to
be thermodynamically instable. In contrast, strong (supramolecular) bonds are less dynamic,
leading to slow bond making and breaking. CDC is a versatile method, as a large set of
different possibilities can be screened without the need to synthesize all the possible structures,
by simply allowing the system to select the “best” structure (with respect to thermodynamics).
4.2. Structures formed by controlled self-assembly
To synthesize supramolecular assemblies chemists often try to use controlled approaches.
Controlling non-covalent bond formation, however, has proved to be challenging, especially
when multiple components are involved. Therefore, the strategies for formation of small
supramolecular structures will be discussed first, followed by the construction methods for
larger architectures.
4.2.1. Self-sorting systems
Self-sorting describes the ability of multiple components to 1) recognize their mutual
counterparts from a large variety of different elements and 2) to form interactions leading to
an ordered mixture instead of a random distribution of all possible element combinations.[39,40]
Figure 4 shows the different types of self-sorting for assembling M2L4-type cages. In this
example, the M2L4 cages are three-dimensional structures formed through the non-covalent
interactions of ligands (L) with metal atoms. In case of M 2L4, this means that two metals
assemble with four ligands. When mixing two different building blocks (purple and yellow)
together in absence of self-sorting, a statistical mixture would be obtained according to the
Boltzmann distribution (Figure 4a). Figure 4b illustrates narcissistic self-sorting, where four
mutual building blocks are selected without scrambling between the yellow and purple
building blocks, resulting in two different homoleptic cages. If the ligands are very similar, the
challenge is to prevent cross-interactions and mismatches leading to a statistical distribution.
This can be achieved by controlling the relative strengths of association constants between
metal and ligand (thermodynamic control) or the pathways that lead to them (kinetic
control).[41]
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Figure 4. Different modes of self-sorting, starting from two different ligands to assemble
M2L4-type cages. a) If there is no sorting at all, a statistical mixture is obtained following a
random (statistical) distribution of cages. b) The yellow ligand can either only form cages with
itself, known as narcissistic self-sorting, or, c) two yellow ligands can form cages with two
other purple ligands called social self-sorting. d) A method to control (social) self-sorting is by
the introduction of a template or an additional interaction that pre-organizes building blocks
for the formation of a specific cage.

The building blocks can also be programmed to exclusively form bonds with building blocks
other than themselves, termed social self-sorting (Figure 4c), making it a good strategy for
creating non-symmetric constructs.[29,42] Low-symmetry hosts can be used to engineer selective
binding of target molecules (guests) that are non-symmetric, while highly symmetric
architectures are limiting and therefore suboptimal hosts to bind non-symmetric guests.[43]
Non-symmetric cages and capsules can be employed to discriminate against several possible
guests to select a specific substrate for a certain transformation.[44] The challenge in social selfsorting is inhibiting the formation of a statistical distribution of species when two different
ligands under study have very similar M–L characteristics. Social self-sorting can be assisted
by making use of a template (Figure 4d), favoring the stabilization of one supramolecular
structure over the other by changing the thermodynamics of the system. While, binding of a
template can influence the function of the desired molecular construct, removal of the
template can lead to disassembly of the structure. [45] Therefore, the template-strategy is not
always applicable to yield a functional construct.
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Figure 5. Explaining the difference between non-integrative self-sorting and integrative selfsorting based on pseudorotaxane formation. Macrocycle 4 can only form pseudorotaxanes
with thread 2 and is unable to bind to thread 1 due to its size. Therefore, when the structures
are added together (1/2/3/4, 1:1:1:1), pseudorotaxanes PS1 and PS2 are formed respectively
as the only thread available to macrocycle 3 is thread 1. This self-sorting behavior is also
observed when thread molecules 1 and 2 are combined in an integrated binding site 5 yielding
only product PS3.

Another way to make non-symmetric structures from several different components is the
integration of multiple binding sites for different motifs, called integrative self-sorting.[40,46]
Integrative self-sorting is related to social self-sorting to construct architectures where multiple
different building blocks are used to form asymmetric assemblies by controlling the relative
subunit positions.[25,39,47] This strategy has been applied to synthesize different constructs. One
example to illustrate integrative self-sorting includes preparation of a range of
(pseudo)rotaxanes (Figure 5a). Rotaxanes consist of a macrocycle that encircles a dumbbellshaped molecule. The macrocycle is mechanically bound to this dumbbell as it is trapped by
large stoppers. In case of a pseudorotaxane, the macrocycle is able to bind and unbind from
its thread.
Figure 5 illustrates the concept of integrative self-sorting achieved by integrating multiple
binding sites for macrocycles on one thread. This system consists of different threads (1, 2) for
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macrocycles 3 and 4. When the structures are added together (1/2/3/4, 1:1:1:1)
pseudorotaxanes PS1 and PS2 are formed respectively.[25] Due to the smaller size of
macrocycle 4, it cannot bind to thread 1 but only to thread 2. This leaves only macrocycle 3
to interact with thread 1. When thread molecules 1 and 2 are combined in an integrated
binding site 5, the product PS3 is obtained. Integrative self-sorting was also applied to generate
coordination cages, such as heteroleptic M2L4 cages where L can be up to 4 chemicallydifferent ligands.[40,48–50]
Integrative self-sorting is a strategy that can be used for hierarchical self-assembly where a
high number of elementary molecular units are ordered within secondary structures, which
further interact via non-covalent bonds to form tertiary structures.[51] The molecular elements
within these hierarchical architectures are highly interconnected, forming higher-level
nanostructures and therefore, this can be considered as a bottom-up approach in making new
materials. Multiplicity of components and interconnections between those components are
two key parameters for complex systems and are therefore of great interest. However, selfassembly with multiple chemically different building blocks is still profoundly challenging,
and material properties are still hard to predict reasoning from molecular components.
4.2.2. Giant MnL2n nanospheres
Closely related to the small M2L4-cages in Section 4.1 are giant nanospheres based on the
metal-pyridine bond. Pioneered by Fujita, self-assembly of metal ions and bridging ligands
into multicomponent polyhedral nanospheres has opened a new field in supramolecular
chemistry regarding complex self-assembly.[52] These nanospheres are much larger than the
M2L4 systems and can be comprised of M6L12 up to M30L60 with general formula MnL2n (n =
number of ligands).[53] Their giant size accommodates a plethora of possibilities. These
supramolecular architectures form spontaneously via dynamic reversible bonds and can be
decorated on the outside and inside with functionalities such as peptides[54], porphyrins[55],
metal complexes[56] and even whole proteins (Figure 6).[57] One of the most important
application of these cages is in studying confinement effects, where the nanosphere acts as a
three-dimensional molecular flask that can encapsulate specific guests. Confined spaces can
lead to extraordinary reactivity demonstrated by placing a catalysts inside the large hollow
nanospheres.[56,58–60] The catalyst-containing cages can be considered as enzyme mimics, as
they create high local concentrations for selective catalytic transformations.[61] The
nanoconcentrator is a nanosphere where extreme high concentrations of catalyst (>1 M) can
be achieved that cannot be obtained otherwise.[56] This leads to emerging reactivity that can
only be observed in confined environments.
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Figure 6. Possibilities with Fujita-type nanospheres: exo-functionalization (top) and endofunctionalization (bottom). This figure is adjusted from Fujita and coworkers.[53]

The variety of possible functionalization modes (Figure 6) leads to architectures with their
own unique function. However, if we wish to make a nanosphere exhibiting several of these
functionalities (i.e., by mixing two of different functionalized building blocks), it will not
automatically lead to a defined MnL2n architecture. Moreover, the self-sorting observed in
M2L4 cages is much more complicated upon translation to multicomponent, giant M12L24
nanospheres. Adding an extra layer of complexity by means of a second functionalized ligand
makes the distribution of these building blocks throughout the nanosphere random and thus,
complicated mixtures are obtained (Figure 7, Case b).[52,62,63] For example, if ligand 6 and 7
25

are added together in a 1:1 ratio, a statistical mixture is obtained, which is also the case for
ligands 9 and 10. Yet, previous work shows defined nanospheres can be obtained from mixing
the small ligand 10 and the large building block 8 (Figure 7, Case a).[64] In these mixed-ligand
self-assembly processes by Fujita and coworkers, it has been shown that neither the self-sorted
nor the mixed nanospheres were obtained. In contrast, a mixed—yet organized—nanosphere
was obtained as a cantellated tetrahedron and its pseudoisomer when two similar bipyridyl
ligands are used but with different backbone ligand diameters. This study demonstrates that
a well-defined structure is obtained from the assembly of two different building blocks that are
mixed, yet, regularly positioned within the sphere. This phenomenon was termed
intramolecular self-sorting.

Figure 7. Three possible outcomes for mixing two different ligands in making M 12(L1)12(L2)12
depending on ligand combination. This figure is based on former references.[52,62,63]
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In summary, Fujita-type MnL2n nanospheres are a versatile platform to construct giant
assemblies with a plethora of functionalities. However, constructing nanospheres with
multiple different ligands is extremely challenging, and generally lead to statistical mixtures.
The next generation of nanospheres requires the development of new assembly strategies for
the implementation of multiple functionalities.
4.2.3. Accessing metastable states.
In biology, many constructs that are formed under equilibrium conditions are kineticallytrapped structures, e.g. phospholipid bilayer membranes. Kinetically-trapped structures can
have interesting properties and can, in fact, be the preferred structure to study. Therefore,
accessing metastable states is also of interest to supramolecular chemists. By carefully
changing the reaction conditions, kinetically-trapped states can be accessed. The following
three studies demonstrate examples of excessing metastable states in different supramolecular
systems.

Figure 8. Formation studies of M12L24 nanospheres yielded characterization of short lived
M8L16 and longer lived M9L18 when ligand L has a bend angle smaller than 112°. This figure
is adjusted from reference.[65]

Detailed studies on the assembly of the M12L24 Fujita-type nanospheres revealed that
nanospheres form via kinetically-trapped intermediate structures at elevated temperatures.[65]
The short-lived M8L16 and the longer-lived M9L18 were observed for building blocks where the
bend angle is < 112° (Figure 8). The Pd–pyridine bond is sufficiently dynamic for selfcorrection, and as such at the end of the reaction the Pd12L24 structure is the only or dominant
species. The kinetically-trapped M9L18 was obtained in high quantities at room temperature
and were transformed into the M12L24 end product upon heating to 80°C, revealing that the
M9L18 species is an intermediate state in the formation of the larger nanosphere.
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The examples discussing nanosphere and cage formation demonstrate versatility of the MnL2n
nanosphere platform when using different building blocks. Even if only two building block
are used, many different constructs can be formed, out of which are nanospheres. However,
the formation of a single species is not evident for these type of supramolecular assemblies. In
fact, multiple different constructions could be possible, starting from the same building blocks.
An example of this is demonstrated in work by Meijer et al. in the formation of a very different
supramolecular system, in this case helical aggregate.

Figure 9. Assembly of SOPV by dimerization followed by aggregation. These aggregates can
either form right handed P-helices or left handed M-helices. These two pathways compete
with each other where t P-helices form quickly but are the metastable product while M-helices
are more stable but form more slowly. This figure is adapted from Meijer and coworkers.[66]

The aggregate consists of the S-chiral oligo(p-phenylene-vinylene) monomer (SOPV, Figure
9), based on a π-conjugated core with chiral side chains and a self-complementary
ureidotriazine moiety for hydrogen bond formation. In the process, shown in Figure 9,
monomers first form dimers by hydrogen bonding interactions, which in turn form nuclei
from which helical aggregates can evolve. Remarkably, this polymer can undergo changes to
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its helicity during formation. First, metastable P-helices are formed quickly during aggregate
formation but then transform into structures with the opposite helical twist.[67] The metastable
P-state was obtained exclusively upon the addition of tartaric acid as a chiral auxiliary,
effecting a change in thermodynamic preference for the metastable state. By the addition of
this auxiliary, pathway 1b and 2b were inhibited while 1a and 1a were promoted, showing
control over the kinetic pathways leading selectively to the metastable product. By carefully
changing the reaction conditions, many different structures can be accessed starting from the
same building blocks. The phenomenon where several different kinetic pathways can be
accessed from the same entity is called pathway complexity.[68] Uncovering the competing
kinetic pathways is extremely challenging and controlling them can be even more difficult. [69]

Figure 10. Schematic representation of navigated self-assembly of M2L4 cage in presence of a
template. In absence of the template a complex mixture of coordination species is obtained
instead.

Another example of excessing a metastable assembly, can be found in work by Hiraoka and
colleagues.[45] Here, they prepare Pd2+ coordination cages, which yields a complex mixture of
coordination polymeric products with similar energies (Figure 10). When a template is added,
the M2L4 cage is formed selectively rather than a whole variety of different coordination
constructs at room temperature. However, when the template is removed by heating the
sample, the cage collapses. Hence, the templated M2L4 cage is identified as a metastable state.
The template in this system is a molecular supplement described as “navigator”. This
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navigator compound can steer non-covalent bond formation into another direction, to obtain
the desired product.[45],[70]
Above, two types of approaches are discussed for accessing metastable states, by changing the
reaction conditions and by using an additional molecular supplement (navigator or auxiliary).
Both the navigator and auxiliary stabilize the metastable state to obtain these structures
selectively. In this sense, the auxiliary and navigator have a similar function in controlling the
outcome of the assembly process by manipulating the thermodynamics of supramolecular
self-assembly.
4.2.5. Influencing kinetic pathways
In other work by Fujita, kinetic self-assembly by cross-catenation is explored.[71] Depicted in
Figure 11, one of the Pd2+ macrocycles contains more steric bulk, with the associated
hindrance making narcissistic catenation a slow process possess a higher energy barrier.
Therefore, the formation of catenane 16 is kinetically inhibited and the formation of catenane
14 and 15 is favoring. In this way cross-catenation between the yellow macrocycle and green
macrocycle is kinetically favored and can selectively be achieved by controlling the kinetic
pathway. This level of control opens up the possibility to program formation pathways by
understanding the kinetics that dictate the formation of the desired product.

Figure 11. Four different threading processes occur on very different time scales.
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5. Controlling self-assembly: manipulating the energy landscape
As multicomponent self-assembly requires the formation of many non-covalent bonds, the
associated energy landscapes can be extremely complex. The concept of pathway complexity
was introduced in Section 4.3.2 and the importance of this concept is further explained in a
hypothetical system illustrated in Figure 12. If a system has a high level of pathway
complexity, this could mean that after the reaction, several products are obtained instead of
just one, especially if these products are close in energy. If the aim is to only obtain one of
these products, the pathways must be carefully manipulated. If chemists could navigate
through the complex energy landscape, the system could be steered in a specific direction that
could lead to a state that would otherwise not be accessible.

Figure 12. Illustration of pathway complexity based on a hypothetical systems. Starting from the pink
sphere and the blue connector at the center several different architectures can be constructed.

To promote the formation of a desired structure over another, different approaches could be
used, invoking thermodynamic or kinetic control. Firstly, formation of the desired product
could be promoted by stabilizing this structure. Effectively, the thermodynamics are
manipulated, which is achieved by addition of a template, navigator or auxiliary. By addition
of the molecular supplement, the desired produced is now stabilized and thus, lower in energy
than the former competing structures (Figure 13).
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Figure 13. Relative energies of structures based on hypothetical system in Figure 12. By
adding a template the metastable state is stabilized and can be obtained selectively.

Another way to manipulate the outcome of self-assembly could be by influencing the kinetics
of self-assembly to promote the formation of one structure over the other. This is exemplified
by the catenane system in Figure 11. Kinetics of formation deals with relative rates of different
pathways leading to different species. To this extent, non-covalent bond making and breaking
could also be understood in terms of transition state theory, similar to creating covalent bonds.
Manipulating kinetics is common for covalent bond formation. In covalent chemistry, a
catalyst is often applied to obtain the desired compound in good yields while formation of
side products is being suppressed.[37] A catalyst lowers the activation barrier (EA) towards the
product without being consumed in the process.[72,73] Catalysis could play a multifaceted role
in changing the energy barriers to make states accessible. This could either be achieved by
transition-state stabilization (Figure 14b) and destabilization of intermediates.
Theoretically, a catalyst can act as an additional element to the reaction mixture or the
assembly can catalyze its own formation (autocatalysis). Examples of autocatalysis are
already known to date, such as autocatalyzed fibril elongation and breakage observed by Otto
and coworkers.[3,74,75] However, a catalyst as an additional element in guiding self-assembly
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has not yet been applied. The potential for application of catalysis within non-covalent
chemistry could be immense for manipulating the outcome of self-assembly.

Figure 14. Proposal of navigating through the non-covalent landscape parallel to covalent
chemistry. A high energy barrier towards the end product could lead to many byproduct
formations if the reaction has to be carried out under harsh conditions. (a)Lowering this
barrier (blue) by including a catalyst could prevent the required harsh reaction conditions and
thereby inhibit byproduct formation. (b) lowering the activation barrier can either be achieved
by intermediate destabilization (pink) or transition state stabilization (blue).

6. Aim and outline of part A
The examples that describe strategies to manipulate self-assembly illustrate the (potential) role
of catalysts, and navigators in non-covalent synthesis. Learning to steer the kinetic trajectory
can allow us to use the phenomenon of self-assembly to our advantage to carry out reactions
yielding desired products selectively. In order to master the formation of assemblies with noncovalent synthesis beyond the molecular formula, we need to investigate navigators and
catalysts to obtain assemblies with the preferred organization, analogous to how covalent
synthesis has been mastered. To this extent, we intend to manipulate self-assembly of M12L24
nanospheres by including an additional supramolecular interaction with a molecular
supplement.
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Therefore, part A deals with the question:
Is it possible to manipulate the outcome of self-assembly by having an additional supramolecular
interaction between the building blocks with a molecular supplement for controlling non-covalent
synthesis?
Answering this question is only possible if we understand the energy landscape for selfassembly. Therefore, in chapter 2 we look into the formation of a multicomponent Fujita
nanospheres in presence and absence of a kinetic controller. The kinetic controller features a
supramolecular interaction with the building block of the nanosphere. This interaction
consists of pseudorotaxane formation between a macrocycle (ring) and the nanosphere. In
presence of this kinetic controller, the assembly process is faster and starts at lower
temperatures (10°C) than in absence of the controller (>10°C). This implies that the activation
barrier for nanosphere formation is lowered in presence of the kinetic controller. Therefore
this “kinetic controller” is, in fact, characterized as supramolecular catalyst. In chapter 3 we
again use pseudorotaxane formation between ring and the nanosphere to study if we can bias
the Boltzmann distribution of nanosphere species for multi-ligand self-assembly. In presence
of ring, we find a narrower Boltzmann distribution of different nanospheres than in absence
of the ring. Altogether part A aims to study if an additional supramolecular interaction with
building blocks can manipulate the outcome of multicomponent assemblies for non-covalent
synthesis.
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