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About the cover

You might be surprised by the design of the cover, considering that the thesis you’re holding

concerns objects that are so small they cannot be observed by the naked eye. Actually,

neither can you observe the object pictured on the front by naked eye. Irrespective of its

ethereal beauty, the cover design is not only chosen for aesthetic reasons, but also as a

reminder to check your perspective.

Let’s start with some science. The front cover is an image of the planetary nebula

officially designated NGC 7293, made using NASA’s Hubble Space Telescope. A planetary

nebula is actually glowing ionised gas which is ejected by a giant red star nearing the end

of its life. Many different ‘details’ of a nebula can be observed by focussing on different

wavelengths of the electromagnetic spectrum, which reveals the diversity of morphologies

of planetary nebulae. NGC 7293 can be seen in the constellation Aquarius, is about 650

light-years away from us, and is about 2.5 light-years in size. For reference, the distance

between the sun and earth is about 8.3 light-minutes and that between the moon and earth

is about 1.3 light-seconds. The sizes and distances involved in the covers holding this thesis

together are thus maybe even more mind-boggling than the small structures investigated

in the thesis itself – a micron is about 3.3×10−15 light seconds. The back cover is designed

to resemble both a starry patch of space – like the edges of the front cover – and colloids

observed with fluorescence microscopy, highlighting the importance of perspective.

The red giant shedding its outer layers is both a beginning and an end, like a PhD

defence. It feels like a long process, but on the overall lifetime of both the star and the

person it is often barely a significant amount of time. The formation of a nebula, or a PhD

defence, heralds a new stage in the life of the star or candidate. All the processes leading

up to that point in time contribute to the shaping of the nebula and new doctor. Also for

both, the emergence of specific characteristics is likely susceptible to internal and external

influences. None of the nebulae are identical, but all are mesmerising and I invite you to

spend some time looking up images.

Regardless of whether your attention is focussed on the nebula or on the distant stars,

those bright features are exactly what make the night sky intriguing and beautiful to look at.

The wonderful people I’ve met on this PhD journey represent many of those bright spots in

my life, each unique, and in their own stage of life.

After (hopefully) addressing your appreciation for the general concept of length scales,

random facts about stars, and the relevance of perspectives, I leave you with the little nugget

of knowledge that the nebula you see on the cover is known as the Helix nebula, fitting for

the contents of this booklet.

Marieke

v
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CHAPTER 1

GENERAL INTRODUCTION

In this introductory chapter the potential of using small molecules to control the self-

assembly into and of larger entities such as colloids is discussed. The related concepts

and main experimental techniques used in the research presented in the remainder of this

thesis are explained.



Chapter 1

1.1 WHAT IS ‘SELF’?

The question ‘What is ‘self’?’ has no answer that philosophers amongst each other agree

on, and some theories even contradict themselves1. The question ‘What is self-assembly’

relates to a more recent discussion, yet is closer to being settled. Although the terms

self-assembly and self-organisation intuitively do not mean the same, they are often used

interchangeably.2, 3 IUPAC defines both (in polymer science) as the “[s]pontaneous and

reversible organization of molecular entities by noncovalent interactions”, and notes that

“[s]elf-assembly is a process in which a system of pre-existing components, under specific

conditions, adopts a more organized structure through interactions between the compo-

nents themselves.”4 Their interchangeable use by the scientific community is often put

down to semantics, differences between fields, or readability of publications. Yet some

attempts are made to consciously discriminate between the two terms.2, 3 It is proposed

that self-assembly be reserved for spontaneous processes that approach equilibrium, and

self-organisation be used for dissipative processes, which need continuous input of energy

to maintain order.2 In this dissertation, we report on the supramolecular self-assembly of

entities spanning from the nm to the µm length scales.

Nature has mastered self-assembly of, for example, macromolecules such as proteins

into complex hierarchical superstructures with high fidelity. Different types of interactions5

– hydrogen bonding, solvophobic interactions, metal chelation and sulphur bridging –

can induce the folding of a linear chain of amino acids into complex yet reproducible

structures, which often assemble with other proteins to form for example virus capsids6 or

haemoglobin tetramers7.

Man-made self-assembling materials have not yet reached similarly reliable production

of such complex superstructures. Much progress has been made with DNA origami,8 owing

to the predictable and highly specific binding of complementary DNA strands. Specific

nucleotide sequences yield increasingly complex 3D shapes through rational design.9 DNA

origami heavily builds on binding motifs occurring in Nature, and therefore its ‘man-made’

designation could be debated.

Supramolecular chemistry was established as a distinct discipline by Donald J. Cram,

Jean-Marie Lehn, and Charles J. Pedersen, who were awarded the Nobel Prize for Chemistry

in 1987 for their contributions10, which illustrates the relative youth of this field. Supra

implies that multiple components combine to form a new entity. Therefore supramolecular

self-assembly can be regarded as the spontaneous emergence of order from a pool of molec-

ular entities – i.e. the formation of for instance a complete virus capsid or a haemoglobin

tetramer from pre-folded proteins from the previously described examples.

2



General introduction

1.1.1 Supramolecular self-assembly

Supramolecular self-assembly can be broadly categorised as social or narcissistic.11, 12 In

narcissistic self-assembly, supramolecular moieties are self-complementary and therefore

solely interact with molecules that are the same or have the same binding motif. Social

self-assembly refers to moieties that are complementary to another supramolecular moiety

and do not form complexes within their own pool of molecules. Narcissistic self-assembling

molecules, especially when used to orchestrate the behaviour of larger entities13, have the

advantage that only a single type of moiety needs to be synthesised.

Derivatives of benzene-1,3,5-tricarboxamide (BTA, Figure 1.1A) are examples of such

self-complementary supramolecular moieties which interact via triple hydrogen bonding in

certain solvents, thereby forming a helical stack of BTAs (Figure 1.1B).14, 15 These moieties

are promising candidates to guide self-assembly for a number of reasons. The interac-

tions between BTAs are specific13 and thermo-responsive14. Additionally, the chemical

structure of BTA offers freedom in substituting the carboxamides with other functional

moieties, such as photo-labile protecting groups16 or other (photo-)responsive moieties17,

hydrophobic14, 18 or amphiphilic14, 19 substituents to enable self-assembly in a wide range

of solvents, or chiral subtituents to facilitate detection of assembly14 to name but a few.

The inclusion of chiral substituents biases the preferred helicity of the assemblies to either

left- or right-handed, which facilitates detection of assembled structures through Circular

Dichroism (CD) spectroscopy. This technique is based on the differential absorption of

left- and right-handed circularly polarised light by chiral structures. The existence of a CD

signal – either positive or negative – indicates that the chromophores absorbing at that

wavelength either are not a racemic mixture of chiral structures, be it at the molecular or

supramolecular length scale.20, 21 CD spectroscopy is not only sensitive to the absolute

helicity, but also to subtle changes in the configuration of the helix.18, 20

The BTA chromophore (Figure 1.1A) absorbs UV light atλmax ≈ 192 nm in the assembled

state, which red-shifts to λmax ≈ 208 nm in the monomeric state.23 Excitation coupling

of two equal chromophores leads to splitting of the normally degenerate excited states,

resulting in a broadened or split absorption band near this wavelength (Figure 1.2, top

HN O

O

NH

R

O

HN

R R

A) B)

Figure 1.1 | Benzene-1,3,5-tricarboxami-

de (BTA). A) Chemical structure of the

BTA core, and B) a helical stack of self-

assembled BTAs. Hosono et al.22 - Pub-

lished by The Royal Society of Chemistry.
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ε

∆ε

λ
max λ

+

_

Figure 1.2 | Schematic absorption and CD spec-

tra for a non-racemic mixture of oriented chro-

mophores in close proximity. Splitting of de-

generate excited states leads to peak broaden-

ing in absorption spectra (top panel), which re-

sults in a bisignate CD signal centered around

the λmax of the monomer (bottom panel). Com-

ponent spectra are depicted in red (dotted) and

blue (dashed), the summed spectra in purple

(solid). Adapted from [20] with permission of

The Royal Society of Chemistry (RSC); permis-

sion conveyed through Copyright Clearance Cen-

ter, Inc.

panel).20 In the case that the coupled chromophores are not a racemic mixture, a CD signal

can arise centred around λmax, coinciding with the zero-crossing of the bisignate signal

(Figure 1.2, bottom panel).20, 23 Typically, only the high-wavelength part of the bisignate

signal is measured for BTAs, since most solvents and atmospheric oxygen absorb strongly

below λ≈ 200 nm. A CD signal at 200 . λ. 250 nm is indicative for excess left- or right-

handed helical self-assembly of BTAs. The excess of a particular helicity is achieved by the

inclusion of chiral substituents23, 24; throughout this dissertation, a negative CD signal at

200 . λ. 250 nm is considered to be indicative for the formation of excess left-handed

helical assemblies of γ-(S)-BTA.24, 25 The exact shape of the CD spectrum is affected by

the distance between BTAs and corresponding dihedral angle of the carboxamides with

respect to the central benzene ring. Specifically it has been shown that a dihedral angle

of θ = 45° results in a single peak centred at λ = 220 nm, and θ = 35° yields an additional

shoulder aroundλ = 240 nm.18, 24 The sensitivity of CD spectroscopy to such subtle changes

in the organisation of the chromophores showcases its merit for application in the field of

supramolecular self-assembly.

1.1.2 Colloidal self-assembly

Self-assembly at the molecular scale can also be used to template ordered colloidal assem-

bly through purely geometrical constraints. Colloids can be defined as particles composed

of a certain phase dispersed in a certain other phase. Characteristic of colloidal particles is

their size which ranges between a nm and a µm in at least one dimension.26 An illustrative

example of templated colloidal self-assembly from recent literature is the formation of tubu-

4



General introduction

lar structures consisting of supramolecular complexes of the anionic surfactant sodium

dodecyl sulfate (SDS) and β-cyclodextrin (β-CD)27, which can be used as a template for

colloidal assembly28–30. Colloids are confined in the microtubes when the inner diameter

of the tubes is larger than the diameter of the colloids.28, 30 The microtubes have a uniform

pore diameter27, 28, and by varying the ratio between pore diameter and colloid diameter

the arrangement of the colloids inside the tubes can be influenced28. By controlling this

size ratio, one can obtain single-particle colloidal chains, a mixture of zig-zag and zipper

structures and double helices, or triple helices.28, 29 The microtubes melt above a critical

temperature (T m = 35 °C), above which the ordered colloidal structures disappear.28 By

grafting the colloids with photo-cross-linkable moieties, the colloidal superstructures can

be fixated prior to removing the supramolecular tubular templates to obtain stable enan-

tiomeric colloidal analogues for complex molecular structures such as DNA.29 Anisotropic

colloids can also be confined within the tubes, as has been shown for rods, peanuts, cubes,

and binary mixtures of these anisotropic colloids with spheres.30

For fundamental studies and applications, the ordered and reliable organisation of

colloids in extended two- and three-dimensional superstructures is also highly sought

after. Achieving such features requires a different design of either the template, or the

colloids themselves. Colloids can be reliably confined to two dimensions by gravitational

means, yet their highly ordered assembly after sedimentation from dilute dispersions

typically requires careful consideration of and control over the colloidal interactions, and

thus a more involved design of their (surface) chemistry.31 A general means to achieve

controlled assembly after sedimentation, is the ability to control attractive interactions

between the colloidal particles. Ideally, the colloids exhibit no attractive interactions before

precipitation, and display tuneable soft attractions that can be induced on command.

1.2 WHERE’S THE REMOTE?

In order to obtain assemblies that are ordered on length scales much larger than the size of

the constituents, soft interactions are required. Such soft attractions allow the molecular

or colloidal building blocks to slowly approach each other from (dilute) solution, and

if needed allow rearrangement of the bonds and orientation of the building blocks to

reach the thermodynamically most favoured structure. Once the ordered superstructure

is formed, bonds need to be sufficiently strong to retain the ordered structure and yield a

robust material. To facilitate these two seemingly opposing situations, one needs a means

to control and vary the strength of the interactions – be it repulsive or attractive – between

building blocks, ideally through external triggers. An external trigger that allows global

control over the strength of the interactions can be used to ‘melt’ the overall sample so

that all constituents exist as single entities. Subsequently, increasing the strength of the

5



Chapter 1

interactions in a slow and carefully controlled fashion allows ‘solidification’ of the moieties

in a thermodynamically favoured arrangement. A widely applied strategy is to heat and

cool a sample to allow equilibration. For local (de)activation of the attractive interactions

between the supramolecular entities, irradiation with light is often used.32, 33 Light can

be applied with high spatiotemporal resolution, and in itself is not subject to diffusion.

Irradiation is only effective in presence of chromophores or photo-switches which absorb

at the wavelength of the incident light. Therefore photo-switches with different absorption

wavelengths can be combined in one system and still yield orthogonal signals.34 A more

extensive perspective on obtaining control over colloidal self-assembly is presented in

Chapter 5 in this dissertation.

For the purpose of achieving reliable and predictable colloidal self-assembled super-

structures that can be directed through external triggers, it is vital to first understand the

assembly behaviour of the supramolecular molecules used to orchestrate the assembly at

the colloidal length scale.31, 35

1.3 THESIS CONTENT AND AIM

The aim of this thesis is to contribute to, and improve on the design of responsive supra-

molecular systems – both at the molecular and colloidal length scales. To this end, we

design responsive, self-complementary supramolecular moieties for anchoring to colloidal

surfaces. These moieties are designed to be responsive to external stimuli, such as tem-

perature, irradiation with light, pH, and salt concentration. Part I of this thesis focusses

on responsive self-assembly of the monomers, and in Part II self-assembly at the colloidal

length scale is explored.

In Chapter 2 we investigate an amino acid- and azobenzene-functionalised benzene-

1,3,5-tricarboxamide (KazoBTA) which is designed to assemble in aqueous environments.

The molecular design renders this monomer responsive to multiple triggers: temperature,

light, pH and salt concentration. Although the supramolecular fibres are responsive to all

these cues, the interactions between the monomers are strong to such a degree that a fully

depolymerised state is not reached.

In Chapter 3 we focus on elucidating the nanoarchitecture of supramolecular fibres

formed by an azobenzene-substituted BTA (azoBTA) in alkane solution, and investigate

the thermal response of the fibres. Through a combined experimental and computational

approach we show the exotic nanoarchitecture of these fibres; a triple helical network of

hydrogen bonds, surrounded by a discordant double helix formed by the azobenzenes.

Additionally, we demonstrate that the fine structure of the azoBTAs is thermoresponsive.

Chapter 4 presents the light-responsiveness of the azoBTAs introduced in Chapter 3.

Through irradiation withλ = 365 nm we induce trans-to-cis isomerisation of the azobenzene,

6
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and irradiation with λ = 455 nm reversibly regenerates the trans isomer in the molecularly

dissolved state. We show that the addressability of the azobenzene is maintained in the

assembled state of the azoBTAs, and that the fibres are depolymerised by irradiation with

UV light. Contrary to the thermal stimulus, UV irradiation does not yield molecularly

dissolved azoBTAs; instead, small fragments remain.

Chapter 5 summarises numerous existing designs for responsive colloidal assembly. We

present a literature overview and discuss the merits and limitations of the designs. Based

on what we consider the most important requirements for a responsive colloidal system,

a new design is introduced in Chapter 6. Herein, the monomers studied in Chapters 3

& 4 are anchored to the surface of hydrophobised silica-based nano- and microparticles.

Non-specific interactions – both attractive and repulsive – appear to be too strong in

the hydrophobised microparticles without supramolecular moieties to provide a reliable

benchmark. The azoBTA functional nanoparticles exhibit such strong attractions that their

assembly is not reversible nor responsive.

Thus, in this dissertation we present supramolecular moieties, and their responses to

multiple external triggers. The remarkable double discordant helical network described in

this dissertation has, to the best of our knowledge, not been presented before. The reliable

formation of this intricate architecture appears independent of pathway, and is thus the

thermodynamic equilibrium.
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Molecular self-assembly





CHAPTER 2

MULTI-RESPONSIVE

SUPRAMOLECULAR SELF-ASSEMBLY

IN WATER

Here we design a fibre-forming supramolecular moiety, containing an azobenzene,

octa(ethylene glycol) and lysine in each of the three substituents. These substituents

provide solvent compatibility and chemical functionalities that are responsive to external

triggers in aqueous media. The hydrogen-bonded core of the fibres, along with solvophobic

interactions between the azobenzenes, provide the basis for a thermal response of the

system. The azobenzenes are light responsive moieties that can reversibly photo-isomerise.

The lysine with which the substituents are end-capped can exist in three different proto-

nated states – and thus net charges – depending on the pH of the aqueous medium. The

effects of net charges on the self-assembly were investigated at low and physiological salt

concentrations. We find that the fibres in water are surprisingly robust, and cannot be

entirely dissolved by heating at any pH, nor by UV irradiation to isomerise the azobenzenes.

The cis-azobenzene barely relaxes thermally at room temperature, offering a stable ‘on-off’

photo-switch. If the molecular design can be optimised to diminish the attractions between

the monomers to facilitate full depolymerisation of the fibres by these triggers, this could

provide a truly reversible ‘on-off’ switch for self-assembly in water.

To be submitted as part of:

E. Fuentes, M. Gerth, C. Matera, J.A. Berrocal, I.K. Voets, S. Pujals, L. Albertazzi,

A single-component supramolecular polymer responsive to multiple stimuli in water.



Chapter 2

2.1 INTRODUCTION

Nowadays, product design1–3 and material engineering4, 5 are often inspired by Nature.

For example, artificial fibres – arranged in a similar fashion as load-bearing woody tissue

in tree branches – can be combined with an additional concrete structural element to

significantly increase its load-bearing capacity.2 Nature has also inspired scintiests to pro-

duce self-cleaning super-hydrophobic surfaces.3 Recently, a synthetic mimic for spider silk

was produced which replicates the main mechanical properties of its natural equivalent.5

Also on a smaller length scale Nature provides inspiration. Supramolecular tubules are

designed that are spontaneously formed by self-assembly, which can be depolymerised

upon strain build-up within the tubules by photo-isomerisation of molecular switches in

the monomers.6, 7 The mechanism resembles catastrophic depolymerisation of micro-

tubules in cells.6 At the molecular level, these mimics of natural systems often hinge on

supramolecular interactions to provide the necessary dynamics and responsivity.

Responsive water-compatible self-assembly of small molecules is a particularly in-

teresting branch of the field of supramolecular chemistry. Systems which exhibit such

properties are typically designed – or eventually become optimised – for biocompatibility

and biomedical applications such as tissue engineering, sensing or drug delivery.8–10 In

such (chemically) complex environments the self-assembled structures must be robust,

yet a specific range of rheological properties of the materials is often also a requirement. A

fibre-forming supramolecular moiety such as a benzene-1,3,5-tricarboxamide derivative

(BTA, Figure 2.1A), which is water-compatible by design, has been studied extensively in

aqueous environments and provides a suitable building block with high synthetic acces-

sibility.11 Many properties of water-compatible BTAs have been systematically studied,

and design rules have been elucidated.12–15 Since water molecules can compete with the

carboxamide moieties of the BTAs for hydrogen bonding it is crucial to shield the core of

the BTA fibres from water molecules.12 This is typically achieved through incorporating

amphiphilic substituents. An undecyl spacer between the carboxamide and penta(ethylene

glycol) peripheral moieties is needed for fibre formation.12 The hydrophilic periphery can

consist of oligo(ethylene glycol),12, 13 metal chelates,14 saccharides,15 or oligo(ethylene gly-

col) endcapped with diverse functionalities such as fluorescent dyes or charged groups14, 16.

The morphology and self-assembly of BTAs with peripheral pendant metal chelates are

studied under various conditions.14 The one-dimensional growth of long fibres is signifi-

cantly frustrated when the peripheral chelates have a net charge, which can be rescinded

by addition of high concentrations (0.5 M) of NaCl to shield the net charges.14

Other solvent properties significantly affect the stability, dynamics and internal struc-

ture of supramolecular BTA polymers, and thus provide handles which enable tuning the

stability of the self-assembled structures.17, 18 It has been demonstrated that BTAs with do-

decyl spacers connecting OH-terminated tetra(ethylene glycol) substituents self-assemble
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in aqueous solvents with an upper limit of 15vol% acetonitrile (ACN) as cosolvent, in

which the monomers are molecularly dissolved.17 Below 15vol%, the concentration of ACN

strongly affects the dynamics – the higher the ACN concentration, the faster the exchange

dynamics of monomers in the fibres.17 In alkanes the structure of the solvent molecules is

shown to affect the fine architecture of the fibres.18

The strength of hydrogen bonds and the degree of dissociation of peripheral ionisable

groups are typically regulated by overall conditions within the sample – such as temperature,

pH and salt concentration. Ideally, a supramolecular system is responsive to triggers that

can be applied in a closed system, i.e. without adding compounds. Temperature variations

and irradiation with light are external triggers which can be applied in a closed system.

The use of a photo-acid, for example, would not require addition of compounds to incite a

response and can yield a reversible change in pH,19 but still changes the conditions in the

entire sample. One of the main advantages of using light as an external cue, is that it can be

applied with high spatio-temporal resolution to incite reversible processes.19–21 Azoben-

zenes find wide-spread application in responsive materials for exactly this reason.6, 21, 22

The possibility to chemically modify azobenzenes yields customisable photo-switches.23–25

The relative thermal stability of the isomers, solvent compatibility and absorption maxima

of the isomers can all be tuned by selecting appropriate substituents.23–26 The trans-cis

photo-isomerisation can frustrate pre-formed supramolecular assemblies and thereby

depolymerise them (see also Chapter 4). Additionally, azobenzenes can potentially provide

a hydrophobic pocket at the core of the BTA fibres that is required for hydrogen bond

formation.12

Here we design and investigate a supramolecular BTA-based moiety (Figure 2.1A) that

is responsive to various external triggers. An azobenzene (Figure 2.1B, R1) is included

in the substituents as a light-responsive molecular switch and to provide a hydrophobic

pocket to enable hydrogen bond formation between neighbouring BTAs. The peripheral

moieties for each substituent comprise lysine-terminated (K) octa(ethylene glycol) to

provide water-compatibility, and stability against clustering of the fibres. The monomer

is termed ‘KazoBTA’. We find that the limited available temperature window prevents the

fibres from being fully melted. At pH values where both the carboxylic acid and amine

of the lysine are charged the monomers form long, thin fibres. If instead the periphery

carries a net charge (at high or low pH, see Figure 2.1), the self-assembled structures appear

frustrated in their growth. Electrostatic repulsion obviously suppresses self-assembly.

Probably via screening the charges at physiological salt concentration the self-assembly of

the azobenzenes is affected, but it is yet unknown in what way and to which extent. The

change in organisation of the azobenzenes likely originates from the salt-concentration-

and temperature-dependent solubility of ethylene glycol27. A change in the solubility

invariably affects the overall fine architecture of the assemblies. The fibres appear not
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Figure 2.1 | Chemical structure of KazoBTA. The monomer studied in this chapter consists of a

structuring element (A), and substituents to provide responsive moieties and solvent compatibility

(B). A) The BTA drives 1D growth of supramolecular polymers through hydrogen bonding. B) The

azobenzene (R1) is a light-responsive molecular switch, and the lysine-terminated (K) octa(ethylene

glycol) ((EO)8) (R2) provides solvent compatibility and charge-bearing peripheral groups. A pH scale

indicates at which pH values the different protonated states exist, and the designations we use for

these states.

significantly depolymerised by UV irradiation and photo-isomerisation of the azobenzenes.

The thermal relaxation of cis-azobenzene to trans-azobenzene in these monomers is slow

at room temperature without exposure to ambient light. The fibres are responsive to the

various cues as per design, yet remarkably robust.

2.2 RESULTS AND DISCUSSION

2.2.1 Molecular design

In order to obtain ordered 1D growth of thermoresponsive supramolecular polymers, we

use a BTA moiety to guide the self-assembly of the monomers (Figure 2.1A). For compat-

ibility with aqueous solvents, (EO)8 is included in the substituents of the BTA, which are

‘end-capped’ with lysine (K) to obtain a pH-dependent peripheral charge (Figure 2.1B, R2).

In between the BTA and the hydrophilic (EO)8-K substituents, a light-responsive azoben-

zene is included (Figure 2.1B, R1). In addition to supplying a molecular photo-switch, the

azobenzene provides a hydrophobic pocket at the core of the assembled superstructure

needed for the BTA to form hydrogen bonds.12, 28 The azobenzene also introduces a stere-

ogenic centre close to the BTA core, which should produce an excess of left- or right-handed

superstructures and can be detected through Circular Dichroism (CD) spectroscopy29. The
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α-carboxylic acid (pK1
a = 2.2) and ε-amine (pK2

a = 10.8)30 of the lysine are both fully charged

in the pH range 3.2 6 pH 6 9.8. We refer to the zwitterionic species as KazoBTA±. Through

lowering the pH to values approaching 2, the carboxylic acids get significantly protonated,

yielding a net positive charge on the monomers from the conjugate amides, referred to

as KazoBTA+. Likewise, by increasing the pH to values approaching 11, the conjugate

amides get quite deprotonated, yielding a net negative charge on the monomers from the

deprotonated carboxylic acids, referred to as KazoBTA−. At these rather acidic or basic pH

values the local charges are not compensated by the zwitterionic character of the lysine.

Hence it it expected that the stability of the fibres is affected. This provides us with pH as

another handle to tune the self-assembly of these monomers. Throughout this chapter we

refer to the multi-responsive monomer as KazoBTA.

2.2.2 Supramolecular fibre formation

Samples are prepared by injecting a small volume of the monomeric KazoBTA in DMSO

into an aqueous solution at target pH and ionic strength. This approach for sample prepa-

ration is selected to facilitate dispersion of the monomers in aqueous solution. The final

DMSO concentration is 1vol% in all samples, the final KazoBTA concentration is 25 µM

for spectroscopy and 100 µM for TEM. The samples are subsequently heated to T = 70 °C

for 1 hr, and equilibrated for 48 hrs prior to analysis by spectroscopy or microscopy. TEM

reveals the formation of long, thin fibres after thermal treatment (Figure 2.2A). A typical CD

spectrum at pH 8.8 and T = 20 °C reveals that the azobenzenes are ordered with a preferred

handedness within the fibres, as evidenced by the bigisnate Cotton effect at 275 6λ6 375

nm for the π→ π* transition of the trans-azobenzene (Figure2.2B). The weak CD signal

between approximately λ = 400-500 nm originates from the n → π* transition of the cis-

azobenzene, which is present as a minority species in the photo-stationary state (vide infra)

and appears to engage in self-assembly. The signal below λ = 260 nm most likely originates

from hydrogen-bonded BTAs29, but due to the strong absorption of UV light by DMSO at

λ6 265 nm, measurements below this wavelength are impossible and we only capture a

shoulder of this peak. Therefore, unless otherwise stated in the remainder of this chapter,

the focus will be on the Cotton effect originating from trans-azobenzene as a diagnostic

tool for self-assembly. Thus based upon the design of the monomers, responsiveness to

temperature, pH, salt concentration and light is expected.

2.2.3 Thermally induced helical transition

To establish whether the KazoBTA± can be reversibly thermally depolymerised, we per-

form Variable Temperature (VT-)CD spectroscopic measurements. Upon increasing and

decreasing the temperature the spectra show an inversion of the CD signal between 260
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Figure 2.2 | Formation of supramolecular fibres. A) TEM image of 100 µM KazoBTA± in 1% DMSO

in milliQ. The fibres were allowed to adsorp onto the TEM grid, and after removing the excess liquid

the grid was brought into contact with the staining agent (UranyLess). B) CD spectrum of 25 µM

KazoBTA± equilibrated in 1% DMSO in milliQ at pH ≈ 8.3.

6λ6 380 nm originating from the azobenzene molecules, see Figure 2.3. The transition

seems to occur near T ≈ 25 °C for the heating and, surprisingly, at T ≈ 15 °C for the cooling

experiments. The sign of the shoulder originating from assembled BTAs (λ6 260 nm) does

not invert, but remains positive between T = 5-75 °C. The spectra between 260 6λ6 380

nm are not only inverted (i.e. opposite in sign), but also differ in shape. This is most clearly

visible in the high-wavelength lobe of the azobenzene peak. The presence of a characteris-

tic CD spectrum across the entire temperature range indicates that supramolecular fibres

are always present under the applied conditions, and a molecularly dissolved state is not

reached by thermal treatment (Figure 2.3). Increasing the temperature to values above

T = 75 °C yields a decrease in the CD signal, accompanied by an irreversible decrease in

UVvis absorption. This implies that the temperature was elevated above the Lower Critical

Solution Temperature (LCST) of (EO)8. Under such conditions the solvent quality for the

fibres becomes poor and KazoBTA± molecules form globules which crash out of solution.

Interestingly, the bisignate Cotton effect originating from the trans-azobenzene reversibly

inverts sign upon thermal treatment, indicating that the chromophores rearrange. Since

the shapes of the CD spectra at T = 5 °C and T = 75 °C differ it is unlikely that this is a

(full) helix inversion. The absence of such an inversion of the shoulder of the BTA signal

and the peak of the cis-azobenzene (λ> 400 nm, not shown) also suggests the structural

rearrangement is not a complete helix inversion.

In the heating (Figure 2.3A) and cooling (Figure 2.3B) experiments of the KazoBTA±

the sign inversion of the trans-azobenzene Cotton effect occurs at different temperatures,

indicating that the change in the Cotton effect does not follow an equilibrium process. The

apparent thermal hysteresis is about 10 °C. Potentially, slower temperature ramps would
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Figure 2.3 | VT-CD spectroscopy of KazoBTA± in water reveals strong interactions. At pH = 8.3, a 25

µM sample exposed to a A) heating and B) cooling temperature ramp of 10 °C·hr−1 shows significant

hysteresis in the trans-azobenzene peak inversion temperature.

yield an equilibrium transition – i.e. the inversion occurs at the same temperature for

both increasing and decreasing temperature – and no apparent thermal hysteresis. The

equilibration of the superstructures occurs slowly, and attractions between the monomers

are thus likely to be strong. To investigate the relevant time-scale for equilibration of the

fibres, we quench a sample from T = 75 °C to 20 °C and record the evolution of the CD

spectrum at 20 °C for approximately 48 hrs (Figure 2.4A). The shape of the isothermally

equilibrating CD spectrum evolves from one resembling a spectrum at high temperature to

a shape not observed earlier in Figure 2.3. The negative maximum at λ = 320 nm after the

fast thermal quench appears to be close to the approximate wavelength where the VT-CD

spectra exhibit an isosbestic point. Since the sample is not quite equilibrated at the end of

the measurement shown in Figure 2.4A, it is likely we capture an intermediate state here.

Interestingly, when observing the evolution of the CD signature in the initial hours

after injection of the concentrated solution from DMSO, the azobenzenes induce a positive

excitation coupling – that is, a bisignate Cotton effect changing from positive to negative

values with increasing wavelength – at T = 20 °C (Figure 2.4B). The structural relaxation

after quenching from high temperature suggests that the positive excitation coupling is not

the equilibrium structure, as the spectra recorded for the thermal quenching evolve from a

positive to a negative excitation coupling (Figure 2.4A). It is likely that T = 20 °C is close to

the critical temperature at which the different assembly types are equally favourable. In a

supramolecular system with strong attractions between the moieties, sample history can

affect the observed behaviour and care should be taken to ensure identical treatment of

samples before and during measurements.
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Figure 2.4 | Equilibration of KazoBTA± in water. A) Equilibration of a 25µM solution after quenching

from T = 70 °C to 20 °C within a minute. The evolution of the CD signature (blue to yellow) is recorded

for 47 hours with an interval of 5 mins, every 5th spectrum is plotted. The pH of the solution was 8.3.

B) Equilibration of a 25 µM solution directly after injecting the concentrated stock solution KazoBTA

from DMSO into milliQ (blue to yellow). The CD spectra were recorded over the course of 16 hrs with

an interval of 10 mins. The sample was kept isothermal at T = 20 °C, at pH = 5.9.

2.2.4 pH-induced peripheral net charge affects fine structure

Since it was found in the above that a high temperature alone is not sufficient to fully

depolymerise KazoBTA± fibres, we investigate the effect of peripheral net charges by chang-

ing the protonation states of ionisable groups of lysine in combination with heating. The

spectra recorded for KazoBTA+ at pH = pK1
a = 2.2 during the heating stage (Figure 2.5A) are

substantially different from the thermal response of KazoBTA± (Figure 2.3A). The trans-

azobenzene CD signal for KazoBTA+ is a single negative maximum at approximately λ = 310

nm, which shifts to a higher wavelength with increasing temperature, corresponding to the

zero-crossing of the bisignate CD signal at net neutral charge, see Figure 2.3A. The intensity

of the overall signal drastically drops to about a third of its value for KazoBTA±. Obviously,

KazoBTA+ exhibits a different superstructure, so the molar ellipticity at this wavelength

range might be smaller. More likely, the net positive charge in the periphery suppresses

the growth of the fibres, leading to shorter structures.14 Additionally, the CD signal origi-

nating from the cis-azobenzene decreases with increasing temperature, in contrast with

the findings for KazoBTA±. The cis-azobenzenes in KazoBTA+ probably thermally relax to

the trans isomer due to prolonged exposure to high temperature. Next, we analyse the

thermal response of KazoBTA− fibres at a pH of 12.1, which is 1.3 higher than pK2
a (Figure

2.5B). Therefore, at this pH all carboxylic acids are deporotonated, and the monomers

carry a higher net charge than at pH = pK1
a = 2.2 discussed above. The overall shape and

intensity of the VT-CD spectra resemble those found for KazoBTA+, with the difference that

the CD spectra of KazoBTA− change even less with temperature, likely due to the higher net
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Figure 2.5 | VT-CD spectroscopy at different pH values. The VT-CD spectra of a 1% DMSO in milliQ

sample containing A) 25 µM KazoBTA+ at pH = 2.2 and B) 25 µM KazoBTA− at pH = 12.1. The samples

were exposed to a temperature increase of 10 °C·hr−1.

charge of the monomers. The superstructure at this pH appears to be (kinetically) trapped

across the entire temperature range. Since sample history matters for these samples due to

the strong interactions – both attractions and electrostatic repulsions – and slow kinetics,

the difference between the thermal response of KazoBTA−/+ compared to KazoBTA± is

explained by this effect. The samples at extreme pH values (Figure 2.5) are cycled between

T = 20-70 °C, whereas KazoBTA± is first cooled to T = 5 °C (Figure 2.3A). As T = 20 °C is close

to the signal inversion temperature, perhaps KazoBTA± fibres are forced to transform their

structure by this decrease in temperature, yielding a separate starting point for the thermal

cycling.

It is likely that the KazoBTA+ and KazoBTA− fibres are destabilised by a lack of local

charge compensation at high and low pH values. Through addition of salt the electrostatic

interactions between the peripheral charges are screened, and the CD signatures at high

and low pH values should change to resemble the CD signal at intermediate pH more

closely. Therefore, we investigate the CD signatures in the various protonation states at

physiological salt concentration (150 µM NaCl). At pH ≈ 2.4 ≈ pK1
a the sample contains

KazoBTA+ (Figure 2.6A), at pH ≈ 7.2 the sample contains KazoBTA± (Figure 2.6B), and at

pH ≈ 12.0 ≈ pK2
a + 1.2 the sample contains KazoBTA− (Figure 2.6C). We sequentially probe

the spectra of equivalent samples – one containing salt, one without added salt – at T = 20

°C and then quench to T = 5 °C since the CD signal is stronger at that temperature. At all

three protonation states, and at both salt concentrations and temperatures, the CD signals

of the visible shoulder of the BTA peak (λ < 260 nm) and of cis-azobenzene (λ = 400-500

nm) do not appear to change significantly. The CD signal of trans-azobenzene however

does show variations upon application of the different stimuli. For all protonation states

the trans-azobenzene CD signal is more intense in presence of salt compared to no salt,
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Figure 2.6 | VT-CD spectroscopy of KazoBTA

at different pH values and salt concentrations.

VT-CD spectra of 1% DMSO in aqueous solutions

of A) KazoBTA+ at pH ≈ 2.4 ± 0.2, B) KazoBTA±

at pH ≈ 7.2 ± 0.8, and C) KazoBTA− at pH ≈ 12.0

± 0.2, at T = 5 °C and T = 20 °C, and at 0 mM and

150 mM NaCl. The pH for the samples is taken

as the average of the sample with and without

salt.

and also becomes more intense at low temperature. This confirms our hypothesis that the

self-assembly is suppressed by the presence of uncompensated or unscreened charges in

the periphery of the fibres.

2.2.5 Thermally stable photo-switch does not induce depolymerisation

Now that we have confirmed the presence of 1D supramolecular fibres that exhibit a change

in architecture – but not molecular dissolution – in the available temperature and pH range,

the light responsiveness of the fibres is investigated. We anticipate that photo-isomerisation

to cis-azobenzene results in enough steric hindrance to obtain at minimum shorter fibres,

indicated by a decrease in the intensity of the CD signal of the BTA shoulder at λ < 260 nm.

The azobenzenes in the monomers can reversibly (photo-)isomerise between a thermally

stable trans, and a cis isomer. Since each monomer contains three azobenzenes, four

different ‘collective’ isomerisation states are possible for the monomers: 3×trans, 2×trans &

1×cis, 1×trans & 2×cis, and 3×cis. We anticipate different self-assembly tendencies for each

of these various collective isomerisation states. Therefore – simultaneously – the overall iso-

merisation state is probed with UVvis spectroscopy, the self-assembly with CD spectroscopy,
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Figure 2.7 | Photo-isomerisation of KazoBTA± in water. Corresponding A) UVvis and B) CD spectra

recorded between eight successive irradiation steps of 1s at λ = 365 nm (blue to yellow) of a 25 µM

sample. The pH of the sample was 8.2. Irradiation was performed at room temperature, at 100% of

the LED intensity at 1000 mA.

and the distribution over the possible collective isomers through High-Performance Liquid

Chromatography (HPLC)31. Through use of appropriate HPLC conditions, the separate

components – in this case the various collective isomerisation states31 – can be identified.

By using an apolar stationary phase and an increasingly apolar eluent, the monomers are

separated in the column based on the ratio trans :cis azobenzene per monomer. Detection

of the UVvis absorption of the eluate at λ = 225 nm – where all collective isomers have the

same absorption coefficient – allows integration of the peak areas (absorption vs. elution

time), which in turn provides information on the relative populations of the various col-

lective isomers. The combination of these techniques – UVvis, CD and HPLC – provides

a powerful set of tools to gain understanding of the relationship between (collective) iso-

merisation state and the level of self-assembled structures as a function of the fraction of

(photo-)isomerised cis-azobenzene.

Upon exposure of assembled KazoBTA± to irradiation with λ = 365 nm, trans-cis photo-

isomerisation of the azobenzenes is evidenced by UVvis absorption spectra (Figure 2.7A).

The intense π→π* absorption peak shifts from λmax = 328 nm to a lower intensity absorp-

tion at λmax = 315 nm for cis-azobenzene, and the weak n →π* absorption peak at λ = 430

nm increases in intensity upon trans-cis photo-isomerisation. The reverse process, cis-trans

isomerisation can be achieved through irradiation at λ = 455 nm. The photo-isomerisation

is reversible for monomeric KazoBTA in DMSO without apparent fatigue (data not shown).

It is surprising that the close packing and strong attractions between the azobenzenes

we observe here do not appear to hinder the photo-isomerisation. For closely packed

self-assembled monolayers of azobenzene on planar gold surfaces, photo-isomerisation is

hindered – and often not observed at all – without ‘diluting’ the azobenzenes.32, 33
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From CD spectroscopy upon irradiation with λ = 365 nm, we observe that the Cotton ef-

fect indicative for assembled trans-azobenzene at 260 6λ6 375 nm completely disappears

despite the significant fraction of remnant trans-azobenzene (Figure 2.7B). The CD signal

for cis-azobenzene between λ = 375-460 nm does not change much, and neither does the

small shoulder visible for BTA assembly below λ = 250 nm. A new negative maximum ap-

pears atλ = 260 nm, accompanied by an increase in the UVvis absorption at that wavelength

(Figure 2.7A). Probably, this corresponds to the hypsochromatically shifted absorption of

cis-π→π*. Interestingly, the remaining CD signal indicates that irradiation at λ = 365 nm

does not suffice to fully depolymerise the KazoBTA± fibres. In fact, the near immediate

recovery of the original trans-KazoBTA± CD signal upon irradiation at λ = 455 nm suggests

that the fibres are not depolymerised at all (data not shown). Optical microscopy studies

on similarly azobenzene-substituted BTAs in aqueous solvent reveal the disappearance of

fibrous structures upon UV irradiation at a concentration of 50% DMSO.28 An increase in

the DMSO concentration – and thus an increased compatibility between monomer and

solvent – is expected to yield monomeric KazoBTA± upon irradiation at λ = 365 nm. We

also probe the distribution of the various combinations of trans- and cis-azobenzene per

monomer of these experiments through HPLC. A typical chromatogram, with detection

of UV absorption at λ = 225 nm, is depicted in Figure 2.8A; this particular chromatogram

is recorded after 5 × 1s irradiation steps at λ = 365 nm and corresponds to the UVvis and

CD spectra in Figure 2.7. Through integration of the peaks – from low to high retention

time: 0×trans, 1×trans, 2×trans, and 3×trans – we obtain the relative abundance of the

collective isomers per irradiation step (Figure 2.8B). The integrals are averaged for two

separate HPLC experiments to obtain an accurate measure for the populations. The most

abundant collective isomer consecutively changes from 3×trans to 0×trans with continued

irradiation steps, and the least abundant species is either 3×cis or 3×trans, which indicates

that the photo-isomerisation is a stochastic process.

Additionally, the azobenzene moieties in KazoBTA± appear to be very stable in cis-

conformation. We investigate the thermal stability of cis-azobenzene by HPLC. The overall

abundance of trans-azobenzene after 8×1s irradiation at λ = 365 nm as depicted in Figures

2.7 and 2.8 is 24.9 ± 0.5% as determined by HPLC within 5 hrs of the irradiation. The same

aliquot – stored at room temperature in the dark – 24 hrs later contains 27.7 ± 0.6% trans-

azobenzene. Thus, the thermal relaxation of cis-azobenzene is slow at room temperature

and without exposure to ambient light. The slow thermal relaxation – in contrast to the

near immediate recovery of trans-azobenzene upon irradiation at λ = 455 nm – makes

that the azobenzenes have the potential to function as a true ‘on-off’ switch provided

sample conditions can be optimised to allow molecular dissolution of the KazoBTA± upon

photo-isomerisation.
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Figure 2.8 | Populations of KazoBTA± isomers upon irradiation. A) Representative HPLC chro-

matogram at λ = 225 nm after 5×1s irradiation at λ365nm. The relative peak areas are a measure

for the population of the species. B) The relative abundance of ‘collective isomers’ of KazoBTA± as

determined from HPLC changes with irradiation at λ = 365 nm. Lines are added to guide the eye. The

data displayed here corresponds to the irradiation steps shown in Figure 2.7. Sample conditions: pH =

8.2, irradiation at λ = 365 nm, 1s at 100% at 1000 mA of the LED intensity. Peak areas were determined

from two HPLC measurements on the same sample, the average with error bars is shown in panel B.

2.3 CONCLUDING REMARKS

In this chapter we investigated the self-assembly and responsive properties of an amino

acid- and azobenzene-substituted BTA. The monomers self-assemble into supramolecular

structures in aqueous solution across a wide range of pH values and temperatures. The

solvency of the (EO)8-group present in this BTA limits the available temperature range,

therefore we do not reach a molecularly dissolved state by increasing the temperature, but

the fine structure of the fibres is affected by temperature via the solvency. The hydropho-

bic interactions between the azobenzenes generate such strong attractions between the

monomers that the dynamics of the fibres are very slow at room temperature, as evidenced

by the slow equilibration of the fibres and our inability to reach a molecularly dissolved state

under the applied stimuli. It would be interesting to probe the monomer dynamics through

hydrogen/deuterium exchange experiments.34 The analysis of these experiments might be

involved, as a single KazoBTA monomer contains 18 hydrogens that can be exchanged.

For the spectroscopic analysis of the self-assembled structures, it is rather inconvenient

that the UV cutoff of DMSO interferes with the ability to observe the (CD) absorption of the

(assembled) BTA. Several other solvents – with UV cutoffs at lower wavelengths – have been

considered to prepare the concentrated stock solution of KazoBTA, but proved unsuitable

for dissolution of the monomer at high enough concentrations. If a suitable solvent is found

in the future, the (CD) spectroscopic measurements would provide much more information

on the self-assembly properties of this monomer.
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The azobenzenes remain addressable with UV light upon self-assembly, despite the

crowded and strongly associative environment. The photo-isomerisation however does not

appear to significantly depolymerise the fibres. The thermal relaxation of the azobenzenes is

slow at room temperature and when not exposed to ambient light. Thus, if conditions exist

under which the fibres are plasticised to such an extent that the KazoBTA± is molecularly

dissolved by irradiation at λ = 365 nm, the azobenzene may provide a thermally stable

‘on-off’ switch for self-assembly. This could be achieved by addition of extra DMSO, or

another cosolvent, to decrease the strength of the attractions between the monomers.

Another important aspect to take into consideration is that many characteristics of

supramolecular self-assembly are concentration-dependent.18, 35 This is particularly impor-

tant to keep in mind when using different experimental techniques to analyse the behaviour

and response to external triggers of the KazoBTA. For example, a higher concentration than

utilised throughout most of this chapter is often employed for techniques such as TEM.

Light scattering or X-ray scattering might provide useful insights into the assembled or

disassembled state upon applying a stimulus. As compared to UVvis – which is typically

performed at sub-µM concentrations – higher concentrations might be needed to perform

these measurements accurately.

2.4 METHODS

KazoBTA is synthesised by E. Fuentes, dr. J.A. Berrocal supplied the azobenzene compound used in

the synthesis. TEM imaging is performed by E. Fuentes.

2.4.1 Synthesis

Briefly, the azobenzene-, (EO)8- and lysine-containing BTA substituents (Figure 2.1) were synthesised

prior to their connection to benzene-1,3,5-tricarbonyl trichloride. The substituents were synthesised

using solid-phase peptide synthesis. The initial resin is functionalised with lysine with a boc-protected

ε-amine and Fmoc-protected α-amine. Basic environments selectively deprotect the α-amine, and

allow functionalisation of this specific amine. Through successive deprotection and coupling steps,

subsequently (EO)8 and azobenzene functionalities are coupled to the lysine. After deprotection of

the (now terminal) α-amine of the azobenzene moiety, and cleavage from the resin, the obtained

H2N-azo-(EO)8-K(boc) is coupled to benzene-1,3,5-tricarbonyl trichloride, and subsequently the

Fmoc groups are removed under acidic conditions to afford the endproduct. A detailed protocol will

be published elsewhere.

2.4.2 Sample preparation

For optical spectroscopy and HPLC experiments, solutions of 100× the target concentration were

prepared in the good solvent DMSO. Samples were prepared by injecting 1vol% of the concentrated
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stock solution into MilliQ water brought to the target salinity by addition of NaCl. The samples at

extreme pH values were prepared by injecting 1vol% 2.5 mM KazoBTA in DMSO into MilliQ brought

to the target pH by addition of NaOH or HCl, and target salinity by addition of NaCl. After injection

of the monomers into the aqueous solution, samples were heated to T = 70 °C for at least an hour

and subsequently equilibrated at room temperature for 48 hrs prior to measurements. The pH of the

samples used for spectroscopic measurements was determined after spectroscopy.

2.4.3 Instrumentation

LED light sources used for irradiation experiments are Thorlabs M365LP1-C5 and M455L3-C5. The

LED settings for irradiation are reported in the main text and figures, irradiation occurred on the

bench top at room temperature, with approximately 15 cm distance between the sample and the

LED. CD and UVvis spectra were recorded simultaneously on a Jasco J815 spectrometer, equipped

with a PTC-423s/5 Peltier cell holder. The spectra in Figure 2.2B and Figure 2.3 were recorded

simultaneously and continuously between 550-200 nm at every 0.5 nm, with a sensitivity of 100 mdeg,

at 100 nm·min−1. The response time was set to 0.25s. The spectra were recorded at an interval of 5 °C

between 5-75 °C at a temperature ramp of 1 °C·min−1. The average of 3 accumulations is reported.

The spectra in Figure 2.4A were recorded continuously between 550-230 nm at every 0.5 nm, with

a sensitivity of 100 mdeg, at 100 nm·min−1. The response time was set to 0.25s, and spectra were

recorded at an interval of 5 mins. The spectra in Figure 2.4B were recorded continuously between

550-200 nm at every 0.5 nm, with a sensitivity of 100 mdeg, at 100 nm·min−1. The response time

was set to 0.25s, and spectra were recorded at an interval of 10 mins. The spectra in Figure 2.5 were

recorded continuously between 550-230 nm at every 0.2 nm, with a sensitivity of 100 mdeg, at 500

nm·min−1. The response time was set to 0.25s. The spectra were recorded at an interval of 5 °C

between 5-70 °C at a temperature ramp of 1 °C·min−1. The average of 3 accumulations is reported.

The spectra in Figure 2.6 and Figure 2.7 were recorded continuously between 550-235 nm at every

0.5 nm, with a sensitivity of 100 mdeg, at 200 nm·min−1. The response time was set to 0.125s. The

average of 3 accumulations is reported. During measurements the sample was kept isothermal at 20

°C, and if reported brought to 5 °C at an uncontrolled rate. A sealable quartz cell with a pathlength of

1 cm was used. pH was measured using a Mettler Toledo SevenCompact pH/ion pH meter, calibrated

with buffers of pH 2-7. HPLC analysis was performed on a Shimadzu UFLC XR, equipped with two

LC-20 AD XR prominence solvent pumps, a DGU-20A3 degassing unit, a SIL-20A autosampler and

SPD-m20A UV detector. A Waters XTerra® MS C18 3.5 µm 2.1×150 mm column was used. A 30-60%

gradient of ACN in water was applied in 8 mins, with an elution speed of 0.2 ml·min−1. The injection

volume was 10 µl.
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CHAPTER 3

FINE STRUCTURE AND THERMAL

RESPONSE OF SUPRAMOLECULAR

AZOBTA FIBRES

In this chapter we design BTAs which are asymmetrically substituted with azobenzene

groups, and show that this does not hinder the equilibrium polymerisation. Additionally,

we resolve, through a combined experimental and computational approach, the result-

ing complex nanostructure of a supramolecular polymer composed of the temperature

responsive azoBTA building blocks. We find that the azoBTAs form a 1D assembly in which

the helicity of the BTA cores is discordant with respect to the double helices formed by

the azobenzenes. We demonstrate that a combination of different types of interactions,

acting in opposite helical directions, consequently generates a nanostructure that strongly

depends on temperature.

To be submitted as part of:

M. Gerth, J.A. Berrocal, D. Bochicchio, A.J. Markvoort, G.M. Pavan and I.K. Voets,

Discordant helical supramolecular fibres reversibly depolymerised by light and temperature.



Chapter 3

3.1 INTRODUCTION

Self-assembly is ubiquitous in both nature and engineering, and occurs across multiple

length scales.1 At mesoscopic length scales (nm-µm) self-assembly is often driven by non-

covalent interactions. These non-covalent interactions provide dynamic properties to a

material, and allow rearrangement of the components and potential responses to external

cues. Non-covalent interactions include, but are not limited to, hydrogen bonds, solvopho-

bic interactions, metal coordination, van der Waals forces and electrostatic interactions.

Supramolecular chemistry offers a broad palette of handles to fine-tune the hierarchical

nanostructure and associated properties of materials through the strong dependence of

the configuration of supramolecular assemblies on external variables and exact chemical

structure of the monomers.2, 3 By incorporating selected chemical groups into supramolec-

ular moieties, the responsivity of supramolecular constructs to specific external cues can

thus be extended by design.4, 5

A system that has been studied extensively, both experimentally6, 7 and computation-

ally8–10, is the synthetically accessible benzene-1,3,5-tricarboxamide (BTA) motif. Such

BTAs can form supramolecular structures in certain solvents. BTA motifs are versatile

supramolecular building blocks, as they can be designed for self-assembly in aqueous envi-

ronments10–12 or apolar alkanes6, 13, 14. The effects of additional interactions between the

BTA substituents have been studied for a wide array of molecular designs. At low concentra-

tions, additional hydrogen bonds between amino ester-based BTAs were found to facilitate

the formation of exceptionally strongly bound dimeric aggregates in water.15 Electrostatic

interactions enable control of the length of the supramolecular fibres through repulsion

between peripheral charges.16 Additional π-π interactions can affect the assembly mecha-

nism, causing it to be isodesmic in the initial π-π dominated step, and cooperative in the

following hydrogen bonding dominated step.13 It was shown for apolar media that addi-

tional π-π interactions do not always strengthen the formed assemblies, but can negatively

affect the stability in presence of a good solvent.17

Other work focused on exploring the effects of solvent polarity to probe the limits of

self-assembly in increasingly polar solvents.7, 14 Variation of the molecular structure of the

solvent from linear to branched/cyclic was found to strongly affect the fine structure of self-

assembled chiral α-deuterium BTA by temperature-dependent intercalation of the linear

solvent between the side-chains of the BTA.18 The cooperative effects between solvophobic

interactions and hydrogen bonding were investigated to elucidate the minimum length of

the hydrophobic spacer to induce self-assembly in aqueous environment.19 In the case of

interactions other than those originating from the BTA core, they should be balanced in

strength to form stable and well-defined structures with high aspect ratio.

Studies on asymmetrically substituted BTAs demonstrated that asymmetric modifica-

tions may have a significant impact on the structure and properties of the supramolecular
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fibres.20–22 Even seemingly small differences, such as the incorporation of stereogenic

centres (α- to γ-methyl groups) in one, two or three side chains, can affect the assembled

superstructure and chirality transfer in a subtle manner.20 Although the fine structure of

the fibres was not investigated in detail in these studies, subtle differences in the spectral

features and chiral amplification were observed based on the position of the stereogenic

centre, and number of chiral methyl groups per molecule. In rare cases, breaking the sym-

metry in the monomers – by having (S, S, R)-substituents – actually enables the formation of

fibre-like structures, contrary to the formation of dimeric species of BTA with enantiopure

substituents.21 In another study, BTAs were asymmetrically substituted with hydrophilic

and hydrophobic peripheral moieties.22 Through subtle differences in solvent quality for

these peripheral moieties, the monomers either form 1D helical structures in mixtures

where solvophobic interactions are weak, and triple helices when solvophobic interactions

significantly contribute.

Supramolecular moieties capable of reversibly switching between a monomeric and

assembled state with high spatiotemporal precision are appealing building blocks for

various applications in material science. Light-switchable BTAs tethered onto the surface of

colloidal particles could be used to tune colloidal interactions by photo-switching between

an athermal, non-interacting ‘off’ state, and a (temperature-dependent) attractive ‘on’

state. Previous work on light-responsive BTAs has shown its potential in driving colloidal

assembly upon cleaving off a photolabile protecting group.23 In this case, BTA assembly

is prohibited before cleavage of the o-nitrobenzyl protecting group. After cleavage, the

alkyl-BTA anchored onto the colloidal surface can associate with compatible uncaged BTAs

and thereby mediate colloidal assembly.

Here, inspired by previous work on azobenzene-decorated BTAs developed for reversible

photo-responsive assembly in water24 and for the production of holographic gratings in

bulk25, we design oil-soluble BTAs comprising a molecular photo-switch for light-induced

cycling between an associated and dissociated state as a first step towards the creation of

photo-switchable supramolecular colloids. In order to reversibly incite (de)polymerisation

with light, an azobenzene is incorporated as a molecular photo-switch into the BTA (azoBTA,

Figure 3.1) – decorated with apolar substituents – for reversible assembly in apolar solvents

such as methylcyclohexane (MCH). In this chapter, we examine the consequences of the

introduction of the azobenzene on the formation and fine structure of the one-dimensional

aggregates, while the photo-responsive behaviour of the supramolecular polymers is ex-

plored in Chapter 4. The breaking of symmetry in this design affects the fine structure of

the azoBTA fibres with respect to symmetrically (alkyl-)substituted BTA moieties. We study

whether the asymmetric substitution of the BTA leads to the emergence of a remarkable

discordant architecture within the fibres, which is verified through Molecular Dynamics

(MD) computer simulations. Further quantitative interpretation of variable temperature
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Figure 3.1 | Chemical structure of azobenzene functionalised BTA and a cartoon representation of

their temperature-dependent discordant superstructure. In the cartoon the benzene rings of the

BTA cores are indicated as black disks, the hydrogen bonds are depicted in white, and the azobenzenes

are represented by the orange rectangles. The fine structure within the fibres changes upon increasing

the temperature (colour sequence from black to yellow).

Circular Dichroism (VT-CD) spectroscopy experiments are employed to investigate the ex-

istence of multiple distinct manifestations of the discordant superstructure, schematically

represented in Figure 3.1.

3.2 RESULTS AND DISCUSSION

3.2.1 Molecular design

The molecular design of the azoBTA is a modified version of the well-studied BTA moiety3,

which contains an aromatic benzene ring at its centre, see Figure 3.1. The conjugation of

the central ring can be extended to include the oxygen and the lone pair of the nitrogen of

the carboxamides, driving the entire carboxamide moiety towards planarity.26 To enable

hydrogen bond formation between adjacent BTAs in a 1D assembly, the carboxamides

have to twist out-of-plane, but through competition with the tendency to remain planar,

the dihedral angle between the central benzene ring and the carboxamide will be smaller

than 90°.26 This causes the formation of a helical network of hydrogen bonds surrounding
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Figure 3.2 | Spectroscopic confirmation of the presence of supramolecular polymers. A) A repre-

sentative CD spectrum of azoBTA in 15 µM MCH containing 22 ± 3 ppm (0.95 mM) water at 20 °C.

B) FT-IR spectroscopy shows signature peaks for hydrogen-bonded BTAs at 500 µM in MCH, and

monomers at 500 µM in CHCl3.a

the π-π stacked core of benzene rings.26 In the absence of any chiral information, via the

solvent,27, 28 or (one of) the substituents,20 the tendencies to form either or right-handed

helices are equal. By inclusion of stereogenic centres in the substituents, the formation

of helices can be biased towards one specific handedness.20 Our design comprises two

citronellyl groups (R1 in Figure 3.1) of which the γ-(S)-stereogenic centres are expected

to favour the formation of preferably left-handed helices,6, 29 which can be detected by

Circular Dichroism (CD) spectroscopy.

3.2.2 AzoBTA forms supramolecular polymers in MCH

We employ CD spectroscopy to investigate whether azoBTA molecules are able to form

superstructures despite the introduction of the azobenzene in the monomer structure. The

CD spectrum of azoBTA in methylcyclohexane (MCH) exhibits a strong negative signal at

a wavelength of λ = 225 nm, attributed to the preferred left-handed helical assembly of

γ-(S)-BTA (Figure 3.2A).6, 29 The positive CD signal in the wavelength range between λ =

300-500 nm implies that the azobenzenes are also arranged with a preferred handedness

in the fibres. The characteristic N–H stretch vibration at ν = 3238 cm−1 and C=O stretch

vibration at ν = 1642 cm−1 (Figure 3.2B) in FT-IR spectra for 500 µM azoBTA in MCH reveal

that the moieties are hydrogen bonded within the supramolecular polymer.6, 30 In contrast,

we observe characteristic vibrational peaks for non-hydrogen-bonded species (ν = 3450

cm−1 and 1666 cm−1) in CHCl3, a solvent wherein azoBTA is molecularly dissolved.6, 30

Interestingly, in MCH we also detect a small peak at ν = 3558 cm−1 which is attributed to

aSolutions prepared for FT-IR measurements had a too small volume to measure the water content.
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Figure 3.3 | High aspect-ratio structures of azoBTA in concentrated solution. A) The SAXS profile

(points) and fit (line) match a core-shell cylindrical structure. B) The azoBTA forms fibres of several

microns long as revealed by iPAINT super-resolution microscopy. SAXS was performed at 3 mM in

MCH, iPAINT at 300 µM in MCH.a

O–H stretching vibrations of water molecules that form hydrogen bonds with both OH

groups.31 This indicates that water molecules are incorporated within the fibres at room

temperature (see also Section 3.2.4).

The morphology of the self-assembled azoBTA aggregates was investigated by Small-

Angle X-ray Scattering (SAXS). The scattering intensity of a 300 µM solution could be

accurately described using a core-shell cylinder form factor, revealing a core radius of

13.8 Å and shell thickness of 19.0 Å (Figure 3.3A). The obtained radius and shell thickness

correspond to the sizes of the constituents based on the molecular structures. In the high

q-range, and thus smaller length scales, the scattering pattern of dried azoBTA shows a peak

at q = 1.569 Å−1, corresponding to 3.9 Å which is slightly larger than the inter-disk distance

of 3.6 Å previously reported for the π-π core of BTA fibres.26, 29

To visualise the fibres we use super-resolution microscopy, specifically interface Point

Accumulation for Imaging in Nanoscale Topography (iPAINT,32, 33 see Section 3.4 for details).

We confirm the presence of fibrillar structures of several microns long (Figure 3.3B). iPAINT

hinges on the reversible and non-specific physisorption of UV-activatable fluorescent

imaging probes to interfaces such as the fibre-solvent interface. Only the fluorescent

signal detected for the brief period of immobilisation of a probe at an interface is taken

into account for reconstruction of the interface morphology. A cut-off intensity is used to

distinguish between mobile and physisorped probes.

AFM in dry state confirms the presence of long, thin flexible fibres with an internal

core-shell structure (Figure 3.4), and further reveals the bundling tendency of the fibres.

The high level of looping and back-folding of the fibres seems to indicate that exposure

of the more polar BTA faces to the solution is unfavourable. The apparent clustering of

the fibres might indicate that the corona is not as solvophilic as intended in our design.
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Figure 3.4 | AFM on azoBTA fibres in dried state. The height (A) and the phase (B), of the same region

of interest of a drop-casted and dried 15 µM solution of azoBTA in MCH.

The highly coiled fibres were observed for molecules structurally related to BTA, which

were drop-casted from water-free alkane solutions.31 The core radius and corona thickness

detected in AFM – approximately 1.5 nm and 2 nm respectively, most clearly visible at the

bottom of Figure 3.4 – match those found with SAXS.

3.2.3 Formation of discordant superstructure

Inspired by the exclusively positive values for the CD signal originating from the azoben-

zenes (Figure 3.2A), we perform all-atom Molecular Dynamics (AA-MD) simulations to elu-

cidate the architecture of the azoBTA superstructure. The azoBTA monomer is parametrised

in the framework of GAFF (General Amber Force Field)34 as previously done for other BTA

variants35. We constructed fibres consisting of 30 azoBTA monomers and applied periodic

boundary conditions to effectively probe much longer supramolecular polymers. Starting

from the premise that the BTA cores form a left-handed helix6, 29, and that the azobenzenes

are assembled with a preferred handedness – probably helically – we analyse four separate

superstructures. All have the same helicity for he BTA cores, which are encircled by either

one or two helices of azobenzene-substituents which are either concordant or discordant

with respect to the helices of hydrogen-bonded BTAs. The fibres were solvated with 4000

molecules of MCH, and then we performed 400 ns of unbiased MD at 300 K. The equili-

brated last 200 ns of each simulation were analysed. Surprisingly, we find that the structure

with double discordant helices of azobenzenes has the lowest the total interaction energy,

indicating hat this is the most likely architecture of the supramolecular azoBTA fibres. The

largest energetic difference between the architectures is caused by the alkyl-moieties, likely

through stronger folding of the alkyl chains and solvophobic interactions.
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Figure 3.5 | VT-CD in MCH shows melting of fibres and an apparent thermal hysteresis between

melting and elongation. A) Spectral features during a cooling ramp, and B) CD traces at λ = 225

nm during successive cooling and heating experiments for a 15 µM sample in MCH containing 22

± 3 ppm (0.95 mM) water. The temperature was changed at 10 °C · hr−1, and the sample was kept

isothermal during the measurements of the spectra.

3.2.4 Thermal response of discordant supramolecular fibres

Now that the formation of helical, rod-like, hydrogen-bonded structures is confirmed,

and we proposed a discordant superstructure, we investigate the thermal response of

these azoBTA fibres. The building blocks are designed to be thermoresponsive; the fibres

should be molecularly dissolved above the melting temperature (T m). We perform Variable

Temperature (VT-)CD measurements to probe the evolution of the assembled state of a

15 µM azoBTA solution in MCH with temperature (Figure 3.5A). Above the elongation

temperature (T e) – the temperature at which rod-like helical structures appear – of 50 °C,

the azoBTA solution is CD silent, indicating a monomeric state. Upon further cooling, a CD

signal gradually appears between T = 50 °C and 20 °C, implying formation of superstructures

with a preferred handedness. Below T = 20 °C the strong negative CD signal we observe

has a fairly constant CD intensity for the BTA moieties at a wavelength of λ = 225 nm.

The shape of the BTA CD signal is persistent below T = 50 °C, indicating that the BTA

chromophores do not reorganise. For the azobenzenes – especially between λ = 325-375

nm – the CD signal exhibits a remarkable thermal response. There is a poor correlation

between temperature and intensity or shape of the CD Cotton effect in this spectral range.

This implies that the azobenzenes rearrange in the fibres upon changing the temperature.

Surprisingly, the rearrangement of the azobenzenes is not accompanied by a change in the

BTA organisation, as evidenced by the constant shape of the BTA CD signal below λ = 275

nm. The exclusive rearrangement of the double helical azobenzene structure implies that

the fine architectures of the assembled BTAs and azobenzenes are not strongly coupled.

Possibly, the superstructure itself is relatively pliable.
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Remarkably, when recording the VT-CD intensity originating from the BTA chromo-

phores at λ = 225 nm for successive cooling and heating ramps, an (apparent) thermal

hysteresis can be observed (Figure 3.5B). This hints at the formation of disordered CD-

silent aggregates in the first stages of cooling, followed by slow ordering of the monomers

when the sample is kept isothermal. Alternatively, when crossing the apparent elongation

temperature (T e), the attractive interactions directing the ordering of the aggregates might

increase in strength to such a degree that the CD-silent aggregates are rearranged into

CD-active structures on the time-scale of the measurements.

3.2.5 Temperature-dependent architecture of azoBTA fibres in dry MCH

Recently, it was demonstrated that solvent composition affects the nanostructure and

assembly pathways of supramolecular polymers.7, 31 Specifically, trace amounts of water in

alkanes can induce a temperature- and water content-dependent helical transition in triaryl-

amines and biphenyl-tetracarboxamide,31 which are structurally related to BTAs. However,

such profound changes are not observed in the CD spectra of alkyl-BTAs. Encouraged by

observations of helical transitions on more (π-π) extended structures31 – such as the azoBTA

studied here – we investigate the effects of water content on structural rearrangements in

and plasticity of azoBTA fibres by using water-free MCH.

In order to investigate the temperature-dependent chromophore organisation, we

record the VT-UVvis and CD spectra of 15 µM azoBTA in dry (< 0.1 ± 1 ppm water, see

Section 3.4) MCH. To circumvent potential effects of supercooling, i.e., the formation of

CD-silent aggregates, we analyse the spectra recorded during a heating ramp. The UVvis

absorption at 200 6 λ6 275 nm originates from the BTA core (Figure 3.6A).36 The trans-

azobenzenes absorb between λ ≈ 300-400 nm, and the low-intensity UVvis absorption

peak above λ≈ 420 nm is attributed to cis-azobenzene, which is a minority species in the

photostationary state but exhibits an unusually strong Cotton effect in CD (Figure 3.6B). The

red-shifted UVvis absorption shoulder of the trans-azobenzene peak at low temperature

indicates the presence of J-type aggregates, which are aggregates characterised by a large

angular offset.37

When heating above T m (≈ 75 °C), the vanishing CD signal for both the BTA and azoben-

zene chromophores indicates that azoBTA is molecularly dissolved (Figure 3.6B). Below

this temperature we do not only observe temperature-dependent changes in intensity,

but – in contrast with the spectra in non-dried MCH (Figure 3.5A) – also the shape of the

BTA CD signal subtly changes, see the zoom-in of Figure 3.6B in Figure 3.7A. Specifically

for BTAs, a change in shape of the CD peak has previously been attributed to a change in

distance between the chromophores.6, 38 Indirect analysis of the shape of the CD signals

for the BTA (Figure 3.7A) and azobenzene (Figure 3.6B) can be achieved by focussing on the

ratio of the CD intensity at high wavelength and at a lower wavelength of the same peak
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Figure 3.6 | Temperature-dependent change in architecture of azoBTA fibres in dry MCH. VT-UVvis

(A) and CD (B) spectroscopy indicate a temperature-dependent change in azoBTA fibre architecture

15 µM in MCH under dry (< 0.1 ± 1 ppm, 4.3 µM water) conditions. The sample was heated at 10 °C ·
hr−1, and the sample was kept isothermal during the measurements of the spectra.

(r ati oCD(T ) =
C Dλhigh

C Dλlow
). For BTA the average intensity at λhigh = 238-240 nm is divided by

the average intensity at λlow = 222-230 nm, and for the azobenzene the average at λhigh

= 378-382 nm is divided by the average intensity at λlow = 338-342 nm. The results for

r ati oCD(T ) are plotted in Figure 3.7B. Irrespective of the overall intensity of the peak, the

defined r ati oCD(T ) allows intuitive evaluation of the shape of the peak and comparison

between different temperatures. It is clear that a significant rearrangement of the chro-

mophores – in both BTA and azobenzene – takes place between T = 20-40 °C in contrast with

the spectra in non-dried MCH. This indicates that the attractions that drive the formation

of superstructures have a stronger temperature dependence in dry MCH than in ‘wet’ MCH.

Additionally, in dry MCH the melting temperature is approximately 10 °C higher, and

the BTA Cotton effect in dry MCH is about 10 mdeg stronger, indicating that in dry MCH

more azoBTA is assembled at any temperature than in ‘wet’ MCH. These combined results

indicate that the azoBTA is less soluble in dry MCH than in MCH with trace amounts of

water. Earlier research indicates that the alkyl-BTA is rather insensitive to variations in water

content.31 The changes we observe here are thus likely the result of solvophobic interactions

between the azobenzene-containing substituents. The trace amounts of water (Figure 3.5A)

potentially decrease the strength of the solvophobic interactions, thereby plasticising the

superstructure. The MD simulations corroborate that (solvophobic) interactions between

the alkyl chains significantly contribute to the formation of the discordant double helical

superstructure over the other possible architectures.

Solvophobic interactions are non-directional and thus typically generate less ordered

structures than hydrogen bonds. Supramolecular moieties that interact mainly through

solvophobic (π-π) interactions typically polymerise through an isodesmic mechanism,
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Figure 3.7 | Temperature-dependent chromophore organisation of azoBTA in dry MCH. A) VT-CD

peak shape of the BTA chromophores changes with temperature. B) The ratios of selected wavelengths

in the BTA (purple squares) and azobenzene (orange circles) CD signals change drastically between T

= 20-40 °C, indicating an abrupt and significant change in chromophore packing. The concentration

azoBTA is 15 µM in dry (< 0.1 ± 1 ppm, 4.3 µM water) MCH. The temperature was changed at 10

°C·hr−1, and the sample was kept isothermal during the measurements of the spectra.

in which the equilibrium constant for chain growth is equal for each monomer addition,

regardless of chain length. In contrast, for a cooperative mechanism the nucleation step is

typically unfavourable, after which chain growth can occur. These processes are described

by characteristic equilibrium constants of the specific systems. As elucidated earlier, the for-

mation of the complex discordant structure is created through a delicate interplay between

different types of interactions, i.e. hydrogen bonds and solvophobic (π-π) interactions.

This implies the different temperature dependencies of the strength of these interactions

can strongly affect the exact architecture of the superstructures. The shape transitions

in the azobenzene and BTA signal (Figure 3.7B) and the possible formation of CD-silent

aggregates upon cooling indicate that the presence of different aggregate types is likely in

dry MCH.

3.3 CONCLUDING REMARKS

Azobenzene-substituted BTA monomers in MCH spontaneously form supramolecular

fibres in MCH below T ≈75 °C, as shown by FT-IR, SAXS, iPAINT, AFM, and CD and UVvis

spectroscopy. The azoBTA forms a 1D helical assembly wherein the helicity of the BTA cores

is opposite to that of the azobenzene substituents. We find that trace amounts of water

seem to be incorporated in the supramolecular architecture and affect the solubility of the

monomers. Under dry conditions, CD spectroscopy reveals that the supramolecular fibres

exhibit a temperature-dependent architecture, induced by the different thermal optima
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for the different types of interactions directing the formation of these architectures. This is

caused by the delicate interplay between the relevant non-covalent interactions.

For potential use in orchestrating colloidal assembly, it is important to note that this will

likely not take place under water-free conditions. The self-assembly into fibres at ambient

water concentrations, is a promising method to enable robust self-assembly of surface-

tethered azoBTA under those conditions. It would be interesting, though challenging, to

experimentally confirm the discordant character of the azoBTA fibres. SAXS measurements

have not yielded convincing results, due to the low contrast and lack of alignment of the

inherently dynamic fibres. AFM – in liquid or dried state – or electron microscopy might

provide insights in mostly the handedness of the outer helices of azobenzenes. This could

then be related to the left-handedness of the BTA helix to either confirm or reject the

proposed fibre architecture experimentally.

3.4 METHODS

The azoBTA was synthesised and characterised in collaboration with dr. J.A. Berrocal. SAXS measure-

ments were carried out and analysed in collaboration with M.M.R.M. Hendrix. The iPAINT imaging

was performed in collaboration with dr. A. Aloi. AFM imaging was performed by M.M.R.M. Hendrix.

MD was performed by dr. D. Bochicchio and prof.dr. G.M. Pavan.

3.4.1 Synthesis of azoBTA

(E)-4,4’-(diazene-1,2-diyl)diphenol was statistically asymmetrically substituted with two different

protective termini; a tert-butyl group and a methyl ester. The tert-butyl protective group was removed,

and the resulting amine was coupled with a di-substituted chiral BTA by transforming the benzoic acid

into an acyl chloride derivative under oxygen- and water-free atmosphere with Ghosez reagent. The

methyl ester was converted into an acid, and subsequently into an acyl chloride with Ghosez reagent,

which was reacted with 3,4,5-tris(dodecyloxy)benzyl to obtain the final product. The intermediates

and final product were characterised with 1H and 13C NMR, UVvis, FT-IR and MALDI-ToF-MS. A

detailed synthetic protocol of the azoBTA will be published elsewhere.

3.4.2 Sample preparation

All samples were prepared by dissolving solid azoBTA at the target concentration in dry MCH. MCH is

dried over molsieves and by bubbling nitrogen through the solvent for 1 hr. The samples were heated

to T = 80 °C to facilitate dissolution. The ‘wet’ sample was prepared by addition of a small aliquot of

milliQ water after dissolution of the azoBTA. The water content of the CD samples was determined

through Karl-Fisher titrations. For the dry sample the water content was −0.7 ± 1 ppm (n = 3, sample

size > 300 mg) which is probably below the detection limit of the titration setup (0.1 ppm, 4.3 µM), for

the wet sample the water content equalled 22 ± 3 ppm (0.95 mM, n = 2, sample size > 500 mg).
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3.4.3 Instrumentation

CD and UVvis spectra were recorded simultaneously on a Jasco J815 spectrometer, fitted with a PTC-

423s/5 Peltier cell holder. A sealable quartz cell was used. The UVvis and CD spectra were recorded

simultaneously and continuously between 550-190 nm at every 2 nm, with a sensitivity of 100 mdeg,

at 100 nm·min−1. The integration time was set to 0.25s. The temperature was changed at 10 °C·hr−1.

Karl-Fisher titrations were performed on a Mettler-Toledo C30 Coulometric KF titrator containing

CombiCoulomat Frit KF reagent. Samples of approximately 0.5 ml were injected directly into the

KF reagent, and averages and standard deviations of at least two measurements were reported

as the water content. For the dried samples, the obtained values of the KF titration were below

the detection limit, so we considered the detection limit as the water content. FT-IR spectra were

recorded on a Perkin Elmer Spectrum One 1600 FT-IR spectrometer or a Perkin Elmer Spectrum Two

FT-IR spectrometer, equipped with a Perkin Elmer Universal ATR Sample Accessory. FT-IR spectra

in liquid were recorded in a sealed cell with CaF2 windows. AFM was performed on a NT-MDT

SolverNext equipped with a PX Ultra Controller. SAXS (Small-Angle X-ray Scattering) measurements

were performed on a Saxslab Ganesha vacuum system with a Pilatus 300k solid-state photon-counting

2D-detector and a high brilliance Microfocus Cu radiation source, Genix3D, wavelength λ = 1.54184

Å. Measurements were obtained in transmission mode using a sample-to-detector distance of 80

mm in the WAXS region, and up to 1400 mm in the SAXS region. A silverbehenate standard was

used to verify the sample-to-detector distance. The samples were prepared in 2 mm quartz glass

capillaries. Fitting of the data with a core-shell cylinder model39 , with a scattering length density

of 3.8 ± 0.02 ×10−6 Å−2 for the core, 1.2 ± 0.01 ×10−6 Å−2 for the shell and 1.1 ± 0.01 ×10−6 Å−2 for

the solvent, yields a radius of 13.8 Å for the core and a shell thickness of 19.0 Å. The obtained length

of the cylinders is 1195 Å, but we consider this inaccurate due to the inadequate q-range of these

measurements. iPAINT A recently reported protocol32 of iPAINT imaging33 is modified and used to

image the adsorbed supramolecular fibres in organic solvent.40 Briefly, a 300 µM solution of azoBTA

in MCH was flushed into the imaging cell and dried under a gentle stream of nitrogen. The dried

sample was stained by flushing 0.5% v/v of Cage-552 (10 mM in DMSO) and 1% v/v of i-PrOH in

MCH into the imaging cell. iPAINT images were acquired on an inverted N-Storm Nikon microscope

equipped with a λ = 561 nm laser (∼490 mW/cm2), and a λ = 405 nm laser (∼160 mW/cm2). The

incident light passes through a quad-band pass dichroic mirror (95335 Nikon) and is focused on the

sample with a Nikon objective (oil immersion, 100×, NA = 1.49). The sample illumination occurs

in a quasi-Total Internal Reflection Fluorescence (TIRF) geometry. iPAINT images were taken on

256×256 pixels region of interest at an acquisition frame rate of 47 fps on an EMCCD Ixon3 Andor

camera (pixel size 17×17 µm2). Photons are collected over 5×103 frames during which 0.5% of the

UV laser line is illuminating the sample continuously, along with 100% power of the 561 nm laser.

The UV laser is used to stochastically uncage a small amount of the caged (dark, non-fluorescent)

probes warranting a spatial separation greater than the diffraction limit of light. UV irradiation turns

the dark probes into an open (bright, fluorescent) conformational state of which the absorption

maximum falls in the visible region of the spectrum, enabling excitation and bleaching by the 561

nm laser. The localisation of single molecules is carried out by NIS-element Nikon software. The

super-resolved iPAINT images were corrected for background localisations using a density-based
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algorithm. The point-cloud of localisations is screened for all data points with n neighbours within a

certain area of radius δ. With the iPAINT images being a 2D projection of 3D localisations, the density

of single molecules identified along the fibres is higher than those localised on the coverslip, granting

a straightforward identification of the supramolecular structures.
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CHAPTER 4

REVERSIBLE LIGHT-INDUCED

(DE)POLYMERISATION OF

SUPRAMOLECULAR AZOBTA FIBRES

The inherent sensitivity of supramolecular interactions to external stimuli make them an

interesting tool to use in materials engineering. When combined with molecular photo-

switches, supramolecular interactions enable non-invasive manipulation of material prop-

erties. Using such a supramolecular approach, small changes in the physiochemical en-

vironment can yield large modifications in the macroscopic properties of a material. To

this end, we investigated hydrogen-bonding supramolecular moieties – substituted with a

molecular photo-switch – able to form one-dimensional supramolecular fibres. We show

that the response of the photo-switch is not significantly altered by its incorporation into

supramolecular polymers. Furthermore, photo-isomerisation of the photo-switch (par-

tially) depolymerises the supramolecular fibres, which, via a transient superstructure, is a

reversible process.

To be submitted as part of:

M. Gerth, J.A. Berrocal, D. Bochicchio, A.J. Markvoort, G.M. Pavan and I.K. Voets,

Discordant helical supramolecular fibres reversibly depolymerised by light and temperature.
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4.1 INTRODUCTION

Hierarchical self-assembled materials are ubiquitous in Nature and man-made materi-

als. The resulting highly organised architectures often yield exciting emerging properties

not achievable by the building blocks themselves.1, 2 Examples are viral protein coats3,

structural colours in butterfly wings4, or optoelectronics5. Being able to reversibly switch

between a material with and without these emerging properties, especially through local

(de)activation, is a continuous quest in material science that is being tackled from the

molecular to the macro-scale.6–8

Light is an especially attractive tool to control self-assembly with as it is non-invasive,

and can be applied with high spatiotemporal precision. In contrast to, for example, ther-

mal cues as described in the previous chapter, light can easily be applied in a patterned

fashion to achieve localised responses.6, 9 Numerous light-responsive systems, based on

supramolecular assembly, have been presented in the past years, which upon irradia-

tion can, e.g., covalently polymerise10, change ‘secondary structure’ of the backbone11,

catastrophically depolymerise due to strain build-up12, or act as nanoscopic switches for

macroscopic actuation8, 13. Light-responsive molecular switches have been combined with

proximal stereogenic centres to yield unidirectional molecular motors.14 In a liquid crystal

film these light-driven unidirectional molecular rotations can incite correlated rotation of

colloidal rods three orders of magnitude larger than the motors themselves.15

Already in the first half of the 20th century the photo-isomerisation of azobenzene was

reported, and it was recognised that UV and visible light catalyse the formation of either

the cis or trans isomer, respectively.16 Synthetic accessibility of azobenzenes and related

light-responsive molecular switches allows targeted design of molecular switches that are

responsive to light of different wavelengths.17–19 In some cases the absorption maximum

of both transitions even shifts to the visible regime,18, 19 making irradiation with harmful

UV light redundant. Bridging of the azobenzene – by connecting the ortho positions on the

phenyl rings through an ethylene moiety – can lead to an enhanced stability of the cis over

the trans isomer.20

Hierarchically assembled functional supramolecular materials can be prepared from a

great variety of building blocks with non-covalent interactions tailored to facilitate control

over the assembly pathway21, monomer dynamics22, the final superstructure23, which

affects the material properties. Benzene-1,3,5-tricarboxamide (BTA) moieties are attractive

building blocks for ordered self-assembly, as the molecular design allows one dimensional

elongation of the supramolecular polymers only. Additionally, one can obtain control over

the strength of the interactions through temperature modulations as the monomers are

polymerised through non-covalent hydrogen bonds. BTA derivatives have been studied

extensively, both fundamentally24–26 and application oriented27, 28. BTAs have potential

to be used in biomedical applications29, electronics27 and material science28, 30 owing to
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Figure 4.1 | Chemical structure of azoBTA, and schematic representation of main findings. The

benzene-1,3,5-tricarboxamide moiety imparts a tendency for ordered self-assembly in methylcyclo-

hexane (MCH) into helical 1D fibres, while the azobenzene introduces responsivity to (UV) light. We

show that irradiation with light of λ = 365 nm (λ365nm) leads to (partial) depolymerisation of the equi-

librium discordant fibres (state A to state B), and that in the initial stages of either λ455nm-induced or

thermal (∆) recovery of the trans-azoBTA we find a transient supramolecular architecture (state C),

which eventually equilibrates into the initial superstructure (state A).

the synthetic freedom in substituting the BTA core, which provides freedom to incorporate

desired properties or functionalities by design. The synthetic accessibility of both the

azobenzene and the BTA moiety31 opens an exciting design avenue for (light-)responsive

supramolecular assembly.

The azobenzene-substituted BTA (azoBTA, Figure 1.1) studied here, is originally de-

signed to be used to control colloidal assembly behaviour through non-invasive external

cues, such as temperature and light.17, 32 Before moving to the colloidal length scale, how-

ever, it is crucial to first understand the behaviour of the supramolecular moieties that

would facilitate this control. Therefore, we established that the azoBTA is able to sustain

the thermoresponsive self-assembling properties exhibited by typical alkyl-BTA in Chapter

2. Additionally, we observed an atypical superstructure comprised of a 1D left-handed

helical stack of BTAs, encircled by a discordant double helix of the azobenzene-substituents

held together by solvophobic interactions and π-π stacking. In this chapter we investi-

gate the response of the fibres to irradiation with light of λ = 365 nm (λ365nm) and λ =

455 nm (λ455nm), which are expected to induce the trans-cis and cis-trans isomerisation

of the azobenzene, respectively.16 We partially depolymerise the azoBTA fibres through

trans-cis photo-isomerisation of the azobenzene with λ365nm (Figure 1.1 A to B); the de-

creased interactions between the azobenzene-containing substituents and increased steric

interactions break up the supramolecular assemblies. Upon relaxation to the trans isomer,

either through irradiation with λ455nm or thermal relaxation, the azoBTA polymerises again

into its initial complex nanoarchitecture via a transient structure (Figure 1.1C) that appears

unreachable by exclusively thermal treatment.
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4.2 RESULTS AND DISCUSSION

4.2.1 Photoswitching azoBTA in monomeric and assembled states

First we investigate the addressability of the azobenzenes with λ365nm through 1H NMR

experiments in either deuterated chloroform (CDCl3) or deuterated MCH (d14-MCH). Oil-

soluble BTAs typically remain monomeric irrespective of temperature in the polar solvent

CDCl3, while they assemble in a thermoresponsive fashion in the apolar solvent d14-MCH.
1H NMR spectra before and after irradiation of 300 µM azoBTA solutions are shown in

Figure 1.2. The spectra after irradiation were recorded immediately after exposing the

samples to high intensity UV light for 15 minutes with the intention to obtain as much

cis-azoBTA as possible. We focus on the aromatic region (chemical shifts 8.9 < δ < 5.9

ppm), which is where the diagnostic peaks originating from hydrogens on the aromatic

rings of the azobenzene appear. A comparison of the 1H NMR spectra in CDCl3 at room

temperature for the monomeric azoBTA model compounda before (Figure 1.2A) and after

(Figure 1.2B) irradiation with λ365nm reveals characteristic peaks for the trans- and cis-

azobenzene. The doublet at δ = 7.85 ppm and the multiplet around δ = 7.0 ppm are

characteristic for trans-azobenzene. Upon photo-isomerisation the doublet disappears

while the multiplet shifts downfield to δ≈ 6.8 ppm, which is indicative for the presence

of cis-azobenzene. As expected, no signal is visible in the spectrum for azoBTA in d14-

MCH at room temperature before irradiation – apart from the reference CHCl3 – due to

strong signal broadening since the majority of the species is assembled (Figure 1.2C). The

concentration of monomeric azoBTA is thus below the detection limit. Signals appear at T

= 75 °C before and at room temperature after irradiation (Figure 1.2D and E, respectively).

In the photostationary state at T = 75 °C we observe trans-azoBTA (δ = 7.97, 7.12 and 7.01

ppm). By contrast, after irradiation virtually all characteristic signals for trans-azoBTA have

disappeared, while peaks corresponding to cis-azoBTA are present at δ = 6.88 and 6.74 ppm.

These are evidently broadened compared to the corresponding cis-azobenzene signals in

CDCl3. We attribute this to incomplete depolymerisation. It appears that cis-azoBTA is

not predominantly monomeric in d14-MCH at room temperature, but instead it is mostly

present in a (partially) assembled state.

The 1H NMR experiments clearly demonstrate successful trans-cis photo-isomerisation

in both CDCl3 and d14-MCH, and furthermore establish the accompanying partial dissocia-

tion of azoBTA aggregates upon exposure to UV light. We now turn to UVvis spectroscopy

to study the photo-isomerisation in more detail. A typical UVvis absorption spectrum

in chloroform is depicted in Figure 1.3A (blue) with a strong π→ π* absorption around

aThis alternative synthetic end-product – with a terminal ethyl ester instead of a tris(dodecyloxy)benzyl ester

– only differs from azoBTA in chemical groups distant from the azobenzene, which is expected to not affect the

isomerisation.
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Figure 4.2 | 1H NMR spectra of azoBTA under various conditions. 1H NMR spectrum of 300 µM

azoBTA-CO2Eta A) before irradiation in CDCl3, and B) irradiated with λ365nm in CDCl3. 1H NMR

spectrum of 300 µM azoBTA C) before irradiation in d14-MCH at room temperature, D) before

irradiation in d14-MCH at T = 75 °C, and E) irradiated with λ365nm in d14-MCH. A small amount of

CHCl3 was added to d14-MCH to provide a reference signal. Irradiation was performed for 15 mins at

600 mA.

λ = 365 nm, and a weak n → π* absorption around λ = 420 nm originating from trans-

azobenzene. Upon stepwise irradiation with λ365nm the peak originating from the π→π*

transition gradually decreases and its maximum shifts to λ = 320 nm. Simultaneously, a

weak absorption centred at λ = 445 nm appears for the n →π* transition of the cis isomer.

Within 29 steps of 1 s irradiation we reach a characteristic spectrum for cis-azobenzene

that hardly changes upon continued irradiation, as evidenced by the increasingly closer

spacing of the spectra with continued exposure to λ365nm. Thus through the irradiation

time (and intensity) we can control the relative abundance of the different isomers. When

we subsequently expose the solution to stepwise irradiation with λ455nm light, the reverse

process occurs: the trans-π→π* absorption band at λ = 365 nm increases in intensity at

the expense of the cis-π→π* band at λ = 320 nm (Figure 1.3B), while simultaneously the

n →π* band undergoes a hypsochromic shift from λ = 455 nm to 420 nm. After 34 steps of

1 s irradiation, the absorption spectrum appears constant with continued irradiation.

Surprisingly, the intensity of the absorption maximum at λ = 365 nm after a more-than-

equivalent number of backward irradiation steps with λ455nm is approximately 20% below

its initial value: its magnitude has not fully recovered (Figure 1.3B). This discrepancy is

due to a gradual decrease of the efficacy of the cis-trans isomerisation as the absorption at
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Figure 4.3 | Stepwise photo-isomerisation of monomeric azoBTA. A) UVvis spectra of stepwise trans

(blue) to cis (yellow) photo-isomerisation through irradiation with λ365nm, and B) the reverse cis

(blue) to trans (yellow) is achieved by irradiation with λ455nm. Irradiation experiments are performed

at 15 µM in CHCl3 at room temperature with small doses of weak-intensity light corresponding to 1 s

at 10% of the LED intensity setting at 1000 mA.

λ = 455 nm progressively declines when the trans species becomes more abundant. As a

result, the effective fraction of incident light lowers such that increasingly less azobenzenes

photo-isomerise per exposure until the efficiency is finally so low that the isomerisation

process appears to have stopped altogether. 1H NMR thermal relaxation experiments reveal

however that it is possible to isomerise the remaining fraction of cis-azoBTAs and thus to

recover the initial photostationary state with virtually all azoBTAs in trans conformation

(Figure 1.4A), but it takes as long as 100 hours. We determine the percentage trans-azoBTAs

as a function of relaxation time from the ratio of peak integrals at characteristic chemical

shifts for the trans and cis isomers. Herewith we determine the half-life of the cis isomer in

CDCl3 to be about 24 hrs. Moreover, from these kinetics we find that the thermal recovery

of the last 20% or so of cis-azobenzene still present after 30×1 s irradiation steps with

λ455nm will take approximately 100 hrs at room temperature, according to Figure 1.4A.

An extended relaxation period should thus recover the original signal of Figure 1.3A.33

Alternatively, heat can be applied to accelerate the relaxation to the trans isomer, as it is the

most thermodynamically stable isomer.33

Having established that the photo-isomerisation is fully reversible, though time-con-

suming as full recovery takes nearly 5 days, we evaluate the robustness of the process.

This is important as the azobenzene is introduced into the molecular design to obtain

reversibly switchable supramolecular moieties. For reasons of convenience, we repeatedly

isomerise between rapidly accessible states of predominantly cis- or trans-azoBTA. To this

end a 15 µM azoBTA solution is alternatingly illuminated at λ = 365 nm or 455 nm, respec-

tively, for 10s with intense UV light (100% of the LED intensity at 1000 mA). Gratifyingly,
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Figure 4.4 | Reversibility of azobenzene isomerisation. A) Thermal cis-to-trans relaxation of 300

µM azoBTA-CO2Etb in CDCl3 at room temperature as monitored by 1H NMR spectroscopy. The

monomers were isomerised to cis by 15 mins irradiation with high intensity UV light (λ365nm). B)

The photo-isomerisation of azoBTA is reversible for at least 20 cycles as shown by UVvis absorption

values at A365nm for the trans-azoBTA (circles) and A455nm for cis-azoBTA (squares). The 300 µM

azoBTA-CO2Et solution in CDCl3 was irradiated at room temperature for 15 mins at 600 mA. The 15

µM solution in chloroform was irradiated at room temperature for 10s at 100% of the LED intensity at

1000 mA.

we observe little to no difference in A365nm and A455nm between 20 successive cycles as

we repeatedly switch between cis- and trans-azoBTA. This means that the azoBTAs can

be photo-isomerised for at least 20 times without apparent fatigue. Hence, contrary to

many fluorescent chromophores, azoBTA does not appear to be very susceptible to photo-

degradation. The robustness of the photoswitch renders it a very appealing building block

for future use in sustainably reconfigurable and reusable materials.

To test whether we can also photo-isomerise the azobenzene with λ365nm when azoBTA

is assembled into supramolecular polymers, we perform similar stepwise irradiation ex-

periments in MCH at room temperature. The UVvis spectrum of the photostationary state

in MCH differs visibly from that in CHCl3. Instead of a broad π→ π* absorption peak in

a rather smooth spectrum (Figure 1.3A, dark blue), we now observe a fine structure in

the absorption spectra comprising three distinct shoulders at λ = 340 nm, 365 nm, and

380 nm (Figure 1.5A, dark blue). The sharper absorption bands are due to the reduced

conformational freedom of the azoBTAs in the assembled state, which limits the accessible

vibrational transitions. Upon stepwise (1s at 10% of the LED intensity at 1000 mA) irradia-

tion, we again observe a gradual decrease of the intensity of the trans-π→π* absorption

bThis alternative synthetic end-product – with a terminal ethyl ester instead of a tris(dodecyloxy)benzyl ester

– only differs from azoBTA in chemical groups distant from the azobenzene, which is expected to not affect the

isomerisation.
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Figure 4.5 | Photo-isomerisation of associated azoBTA. A) UVvis absorption spectra of the stepwise

irradiation of a 15 µM azoBTA solution in MCH at room temperature with small doses corresponding

to 1s at 10% of the LED intensity at 1000 mA of λ365nm shows the trans (blue) to cis (yellow) photo-

isomerisation of the azobenzene in the azoBTA fibres. B) The UVvis absorption spectra of 15 µM

azoBTA in MCH before (black) and after (grey) trans-cis-trans isomerisation, and in CHCl3 before

λ365nm irradiation (dark gray dashed).

peak, and the simultaneous increase in intensity of the absorption at λ = 455 nm (Figure

1.5A). Thus, photo-isomerisation of the azobenzene is also possible when the azoBTA is

assembled. Strikingly, with the same intensity of incident light, a longer total irradiation

time with λ365nm is needed for the trans-to-cis isomerisation of azoBTA in MCH compared

to CHCl3. In MCH close to 47 steps are needed to convert virtually all azoBTA to the cis

isomer, while in CHCl3 less than 35 steps suffice. This is also evidenced by the closer spacing

of the consecutive spectra in Figure 1.5A compared to Figure 1.3A. We attribute this to the

higher energy barrier for isomerisation in MCH, which is caused by the strong attractions

and close packing of the monomers in the fibres.

Like in CHCl3, irradiation with λ455nm recovers the trans isomer to the extent where

the absorption at that wavelength becomes too low for light to be an effective cue for

isomerisation. The shape of the obtained UVvis absorption spectrum after trans-cis-trans

photo-isomerisation has features of both trans-azoBTA in CHCl3 and of the initial spectrum

in MCH (Figure 1.5B). The shoulder at λ = 365 nm we first observe in MCH is less pro-

nounced after cis-trans isomerisation, and the spectrum between λ = 300-350 nm overlaps

for the irradiated azoBTA in MCH and a pristine sample in CHCl3, which indicates that the

azobenzenes are less or differently organised than before irradiation. This is supported

by the absence of isosbestic points in Figure 1.5A, which hints at the presence of more

(optically active) species than both isomers of the azoBTA. Possibly, these are the trans- and

cis isomers of azoBTAs in a (partially) assembled and monomeric state. This again indicates

that the fibres are (partially) depolymerised upon irradiation with λ365nm.
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Figure 4.6 | Photo-induced depolymerisation

of azoBTA. CD spectra of the stepwise irradiation

of a 15 µM azoBTA solution in MCH with small

doses of λ365nm corresponding to 1 s at 10% of

the LED intensity at 1000 mA show the trans

(blue) to cis (yellow) photo-induced decrease of

excess handedness of the azoBTA fibres.

4.2.2 Consequences of photo-isomerisation for azoBTA assembly

The presence of different aggregated species in supramolecular polymerisations of non-

racemic mixtures of compounds can be elucidated by circular dichorism (CD) spectroscopy.

Here we exploit the inclusion of a stereogenic centre in the azoBTA to monitor the presence

of the azobenzene functionality and BTA core in excess right- or left-handed superstructures

by CD spectroscopy. We find that the trans-to-cis isomerisation upon stepwise irradiation

with λ365nm (Figure 1.5A) is accompanied by a complete loss of the azobenzene CD signal,

while the Cotton effect of the BTA is merely reduced in intensity (Figure 1.6). This implies

that the photo-isomerisation to cis-azoBTA triggers the disappearance of the azobenzene-

superstructure, while the BTA core of the fibres dissociates but does not disintegrate entirely.

For the BTA Cotton effect, not only the intensity changes, but also the shape of the peak

transforms upon irradiation. This occurs especially in the first irradiation steps, where

also most of the azobenzene CD signal disappears (Figure 1.6). The shape of a CD peak,

or a change therein, indicates the (different) organisation of the chromophores. For BTA

moieties, specifically, the different shapes point at a change in the inter-disk distance.34, 35

This implies that the association between the azobenzenes has a significant influence on

the winding of the hydrogen-bond helices from which the BTA CD signal originates.

Through merely (CD) spectroscopic experiments, it is impossible to distinguish be-

tween the different scenarios for the partial disintegration of the supramolecular polymers.

Therefore, we employ iPAINT super-resolution microscopy36 to visualise a 300 µM sample

before and after a brief irradiation (1s at 50% of the LED intensity at 1000 mA). Before irradi-

ation we observe fibres of several microns long with a high polydispersity in length (Figure

1.7A), while we find only sub-micron sized fragments after a single second of irradiation

(Figure 1.7B). Although the details of the fragmentation process have not been elucidated,

these results once more suggest that we actively disrupt the fibres by photo-isomerising

azobenzenes in the assembled state. We consider several other mechanisms which are

less probable. A dissociation mechanism through insertion of cis isomers can be ruled out,
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Figure 4.7 | Supramolecular fibres break upon exposure to UV light. iPAINT super-resolution mi-

crographs before A) and after B) irradiation of a 300 µM azoBTA solution with λ365nm (1s at 50% of

the LED intensity at 1000 mA) show that the large fibrillar structures disappear upon exposure to UV

light.

as spectroscopic data indicates that cis-trans isomerisation of free monomers precedes

their incorporation into the fibres (vide infra). We can rule out dissociation exclusively

from the termini as the short exposure used for the iPAINT experiments is very unlikely

to depolymerise such a large fraction of azoBTA, supported by the small decrease in CD

intensity in Figure 1.6. Full (catastrophic) depolymerisation of single fibres, reminiscent

of microtubili,12 does not take place as there are no long fibres present after irradiation.

Considering the above, it can be concluded that irradiation with λ365nm does not only affect

the azobenzenes of the small pool of free azoBTA, but also photo-isomerises the assembled

moieties. This process probably occurs stochastically along the fibres, and might be more

favourable at locations where defects are present.37

4.2.3 Transient superstructure upon (photo-)recovery of trans-azoBTA

We have shown that the photo-isomerisation of the azobenzene is a robust reversible pro-

cess, and it is possible to (partially) depolymerise the azoBTA fibres. The inherent dynamic

character of hydrogen bonds should allow reversible dissociation and association of the

fibres after irradiation, as we demonstrated for thermal depolymerisation in Section 3.2.4.

To demonstrate the reversibility of the light-induced depolymerisation, we partially dis-

integrate the supramolecular fibres with λ365nm, and probe the recovery of excess chiral

superstructures of the azobenzene and BTA chromophores through CD spectroscopy. Inter-

estingly, we observe once again that not only the intensity, but also the shape of the BTA CD

signal changes upon irradiation with λ365nm – especially during the first steps and between

λ = 240-260 nm (Figure 1.8A). As discussed in the above, this implies that the average

conformation of the hydrogen bonds in the remaining BTA stacks changes. The CD signal
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Figure 4.8 | Light-induced back-switching of the azobenzene ends in non-equilibrium superstruc-

ture. A) BTA and B) azobenzene CD signal under irradiation with λ365nm (blue to turquoise) and

subsequent irradiation with λ455nm (turquoise to yellow). Irradiation of 15 µM azoBTA in MCH was

performed in steps of 1s at 100% of the LED intensity at 1000 mA.

indicative for BTA assembly does not completely disappear upon photo-isomerisation

to cis-azoBTA, indicating that oligomeric assemblies of (cis-)azoBTA are still present. We

first investigate the effects of irradiation with λ455nm on the recovery of supramolecular

fibres. Upon irradiation with λ455nm to recover trans-azoBTA, the BTA CD signal is only

partially recovered as we do not obtain 100% trans-azoBTA (Figure 1.8A), similar to cis-trans

isomerisation in CHCl3. The partial recovery of the BTA CD signal correlates with the

partial recovery of the UVvis absorption signal for the trans-azobenzene; for both signals

the recovery amounts to approximately 70% of the initial intensity. Likely, the remaining

cis-azoBTA is still free in solution and will re-polymerise once converted to trans-azoBTA

by thermal relaxation. While the BTAs remain partially assembled upon irradiation at

λ365nm, the azobenzenes do not as their Cotton effect is lost entirely after 5 steps (Figure

1.8B). Furthermore, the shape of the original azobenzene spectrum is not recovered upon

cis-trans isomerisation by irradiation with λ455nm. Instead, the azobenzene region now

also displays the excitation coupling that is typically expected; a bisignate Cotton effect

with a zero-crossing at the absorption maximum of the monomer, as is the case for the BTA

moieties.38 This confirms our interpretation of the UVvis spectra in Figure 1.5B, namely

that the azobenzenes adopt an altered conformation upon cis-trans (photo-)isomerisation.

The nanoarchitecture yielding the bisignate Cotton effect for the azobenzene is attributed

to the presence of a local minimum in the energy landscape, likely resulting in a kinetic

trap.

To investigate the effects of thermal relaxation and probe if the original discordant

nanostructure of the fibres can be recovered, we equilibrate λ365nm-irradiated cis-azoBTA

in MCH. Over the course of approximately 15 hrs, the intensity of the original BTA CD
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Figure 4.9 | Thermal relaxation and reassembly of azoBTAs. The A) BTA and B) azobenzene CD

signals upon thermal relaxation after irradiation with λ365nm (blue to yellow). The relaxation of the

15 µM azoBTA solution in MCH was followed at T = 20 °C.

signal is recovered (Figure 1.9A), indicating that the photo-induced depolymerisation is

fully reversible. Similar to the λ455nm-induced cis-trans isomerisation, the bisignate Cotton

effect for the trans-azobenzenes appears in the initial stages of the relaxation (Figure 1.9B).

However, after approximately 5 hrs the spectrum evolves to that characteristic for the initial

discordant helices (Figure 1.9B), indicated by the onset of the increase in the CD signal at

λ = 365 nm in Figure 1.10. The signals plotted in this figure have been normalised to fall

between 0 and 1, and such that an absolute increase in (raw) signal strength corresponds

to an increase in Figure 1.10. The thermal cis-trans relaxation likely occurs faster in MCH

than in CHCl3 (Figure 1.4A) because the pool of free trans-azoBTA is continuously depleted

by assembly into fibres. The combined results indicate that the light-driven dissociation

of the azoBTA fibres is reversible, and can be achieved through both light-induced back-

isomerisation and thermal relaxation. The formation of a discordant nanoarchitecture

appears robust; it is regenerated after thermal depolymerisation (Section 3.2.3), after light-

induced cis-trans isomerisation, and after thermal relaxation.

4.3 CONCLUDING REMARKS

In this chapter we show that the photo-isomerisation of azoBTAs is a robust and reversible

process. The azobenzenes remain addressable with UV irradiation at a wavelength of λ =

365 nm when the azoBTA is assembled into fibres, and the UV-induced trans-to-cis isomeri-

sation depolymerises the supramolecular fibres. Through UV irradiation and subsequent

cis-trans isomerisation, either light- or thermally induced, we access a nanoarchitecture

not found upon thermal treatment only. The complex nanoarchitecture – a left-handed

inner helix of BTAs, and a discordant double outer helix of azobenzene-substituents – is
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Figure 4.10 | Thermal relaxation and reassem-

bly of azoBTAs. The normalised diagnostic ab-

sorption (open symbols) and CD (filled symbols)

signals for BTA assembly (λ225nm, black trian-

gles), and azobenzene isomerisation and assem-

bly (λ365nm, dark purple circles, andλ455nm, pink

squares). The relaxation of the 15 µM azoBTA so-

lution in MCH was followed at T = 20 °C.

found to be robust and is regenerated after irradiation and/or thermal relaxation.

The robust assembly and disassembly, and the intended response to thermal cues

(Chapter 2) and irradiation (this chapter) render the azoBTA a promising moiety to create

responsive colloids with. Self-assembly of the azoBTAs does not seem to be hindered by

trace amounts of water, which is convenient for applications. In the next chapters we

explore the use of the azoBTA as presented here to induce colloidal self-assembly, and

reversibly form particle clusters.

4.4 METHODS

The azoBTA was synthesised and characterised in collaboration with dr. J.A. Berrocal. The NMR

spectra were recorded by dr. J.A. Berrocal. The iPAINT imaging was performed by dr. A. Aloi.

4.4.1 Synthesis of azoBTA

(E)-4,4’-(diazene-1,2-diyl)diphenol was statistically asymmetrically substituted with two different

protective termini; a tert-butyl group and a methyl ester. The Boc-protective group was removed, and

the resulting amine was coupled with a di-substituted chiral BTA by transforming the benzoic acid

into an acyl chloride derivative under oxygen- and water-free atmosphere with Ghosez reagent. The

methyl ester was converted into an acid, and subsequently into an acyl chloride with Ghosez reagent,

which was reacted with 3,4,5-tris(dodecyloxy)benzyl to obtain the final product. The intermediates

and final product were characterised with 1H and 13C NMR, UVvis, FT-IR and MALDI-ToF-MS. A

detailed synthetic protocol of the azoBTA will published elsewhere.

4.4.2 Sample preparation

All samples were prepared by dissolving solid azoBTA at target concentration in (deuterated) chlo-

roform or MCH. The samples were heated to T = 80 °C to facilitate dissolution of the azoBTA. The

concentration azoBTA equalled 300 µM for iPAINT and NMR, 15 µM for UVvis and CD spectroscopy.
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4.4.3 Instrumentation

LED light sources used for irradiation experiments are Thorlabs M365LP1-C5 and M455L3-C5. The

LED settings for irradiation are reported in the main text and figures, irradiation occurred on the

bench top at room temperature, with approximately 15 cm distance between the sample and the LED.

CD and UVvis spectra were recorded simultaneously on a Jasco J815 spectrometer, equipped with a

PTC-423s/5 Peltier cell holder. The spectra in Figures 1.5A and 1.6 were recorded simultaneously and

continuously between 550-190 nm at every 0.5 nm, with a sensitivity of 100 mdeg, at 1000 nm·min−1.

The response time was set to 0.125s, and spectra were recorded at an interval of 1 min. The spectra in

Figures 1.8 and 1.9A&B were recorded continuously between 450-350 nm and 270-200 nm at every 0.5

nm, with a sensitivity of 100 mdeg, at 200 nm·min−1. The response time was set to 0.5s, and spectra

were recorded at an interval of 1 min. The spectra in Figure 1.10 were recorded continuously between

550-200 nm at every 0.5 nm, with a sensitivity of 100 mdeg, at 500 nm·min−1. The response time was

set to 0.5s, and spectra were recorded at an interval of 5 mins for the first 5 hrs, after which manually

another series was started at an interval of 10 mins. A sealable quartz cell with a pathlength of 1 cm

was used. The temperature was held constant at 20 °C. UVvis spectra were recorded on a Shimadzu

2700 UV-visible spectrophotometer in the cases where no simultaneous CD spectra were measured.

Spectra were recorded between 500-290 nm with 1 nm sampling. The wavelength was continuously

changed ‘fast’ during the recording of a spectrum, and spectra were recorded at an interval of 60s. The

light source was changed at 310 nm. A sealable quartz cell with a pathlength of 1 cm was used. The

temperature was held constant at 20 °C. NMR spectra were recorded either on a Varian Mercury Vx 400

MHz or Varian Oxford AS 500 MHz NMR spectrometers. Chemical shifts are given in ppm (δ) values

relative to residual solvent or tetramethylsilane (TMS). The ratio trans/cis-azoBTA is determined from

the integral of the trans-azoBTA peak at δ = 6.99 ppm relative to that of its cis-azoBTA counterpart

at δ = 6.88 ppm. iPAINT A recently reported protocol39 for iPAINT36 is modified and used to image

the supramolecular fibres in an organic solvent.40 Briefly, a 300 µM solution of azoBTA in MCH was

flushed into the imaging cell and dried under a gentle stream of nitrogen. The dried fibres were

stained with 0.5% v/v of Cage-552 (10 mM in DMSO) and 1% v/v of i-PrOH in MCH. iPAINT images

were acquired on an inverted N-Storm Nikon microscope equipped with a ∼490 mW/cm2 green laser

line (λex = 561 nm), and a ∼160 mW/cm2 UV laser (λex = 405 nm). The incident light passes through

a quad-band pass dichroic mirror (95335 Nikon) and is focused on the sample with a Nikon objective

(oil immersion, 100×, NA = 1.49). The sample illumination occurs in a quasi-Total Internal Reflection

Fluorescence (TIRF) geometry. iPAINT images were taken on 256×256 pixels region of interest at an

acquisition frame rate of 47 fps on an EMCCD Ixon3 Andor camera (pixel size: 17×17µm). Photons

are collected over 5×103 frames during which 0.5% of the UV laser line is illuminating the sample

continuously, along with 100% power of the 561 nm laser. The UV laser is used to stochastically

uncage a small amount of the caged (dark, non-fluorescent) probes warranting a spatial separation

greater than the diffraction limit of light. UV irradiation turns the dark probes into an open (bright,

fluorescent) conformational state of which the absorption maximum falls in the visible region of the

spectrum, ready to be excited and bleached by the 561 nm laser. The localisation of single molecules

is carried out by NIS-element Nikon software. The super-resolved iPAINT images were corrected

for background localisations using a density-based algorithm. The point-cloud of localisations is
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screened for all data points with n neighbours within a certain area of radius δ. With the iPAINT

images being a 2D projection of 3D localisations, the density of single molecules identified along the

fibres is higher than those localised on the coverslip, granting a straightforward identification of the

supramolecular structures.
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Colloidal self-assembly





CHAPTER 5

MOLECULAR CONTROL OVER

COLLOIDAL ASSEMBLY

Contemporary chemical and material engineering often takes inspiration from Nature.

Examples are the targeting of strong yet light materials and materials composed of highly

ordered domains at multiple different length scales for fundamental science and applica-

tions in e.g. sensing, catalysis, coating technology, and delivery. The preparation of such

hierarchically structured functional materials through guided bottom-up assembly of syn-

thetic building blocks requires a high level of control over their synthesis, interactions and

assembly pathways. In this chapter we present an overview of recent work demonstrating

how molecular control can be exploited to direct colloidal assembly into responsive mate-

rials with mechanical, optical or electrical properties that can be adjusted post-synthesis

with external cues.

This chapter has been adapted from

M. Gerth, I.K. Voets, Chemical Communications, 53, p.4414 (2017).
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5.1 INTRODUCTION

Nature’s finest materials are hierarchical assemblies of a variety of building blocks organised

in intricate architectures with length scales that span orders of magnitude from the atomic

to granular level. The properties of these materials depend both on the chemical nature

of their building blocks as well as on their spatiotemporal arrangement. Understanding

and controlling the structural properties of materials is thus one of the grand challenges in

contemporary chemical and materials science. Co-organisation of multiple components

through a combinatory interplay of covalent and supramolecular interactions both in- and

out-of-equilibrium offers an elegant, low-energy route towards spatiotemporal control

over hierarchically structured materials with emergent optical, mechanical, thermal, and

electronic properties to name but a few.

In this chapter we present and compare strategies to realise molecular control over col-

loidal assembly to create hierarchically structured metamaterials for fundamental studies

and applications in sensing, catalysis, coating technology, and optoelectronics. Throughout

this chapter, we will make a distinction between ordered supracolloidal structures, termed

‘assemblies’, and disordered structures, here denoted as ‘aggregates’.

5.2 COLLOIDAL STABILITY AND SURFACE FORCES

Colloidal dispersions are fine mixtures of two immiscible phases. Here we focus on colloids

composed of a solid discontinuous phase (i.e., colloidal particles) of which at least one

dimension ranges between 1 nm to 10 µm dispersed in a liquid continuous phase. This

nano- to mesoscopic size regime is viewed as the ‘colloidal domain’ bracketed on the

lower limit by molecular length scales and on the upper limit by micro- and macroscopic

dimensions of granular systems.

Achieving predictable molecular control over colloidal assembly necessitates a detailed

understanding and precise modulation of the surface forces that determine the interactions

between particles. Surface forces derive from intermolecular forces and the resulting

interaction potential is characterised by a particular range and a characteristic strength. For

short-ranged molecular interactions – that are introduced to obtain control over colloidal

phase-behaviour – to be dominant, other operational surface forces between the colloidal

particles must be tuned, typically weakened in strength and shortened in range.

Theoretically, ‘hard spheres’ – particles which only interact through excluded volume

interactions – represent the simplest class of colloidal particles.1 These non-deformable

particles that cannot overlap exhibit an infinitely strong repulsive interaction at contact, or

no interaction at all. In silico, this is easy to achieve, but in practice, repulsive forces are not

infinitely strong, while attractive interactions are difficult to suppress.
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An omnipresent and often strong attraction is the Van der Waals interaction with a

typical range of a few nm, which is caused by a difference in polarizability between the

colloid and the suspending medium.2 To diminish the Van der Waals interaction experi-

mentally, one can adjust the polarizability of the continuous and discontinuous phases

by matching their refractive indices. In addition, colloids are often coated with a dense

layer of small molecules or polymers to mask the remaining (weakened) attraction by steric

hindrance. When this monolayer or polymer brush is thick enough, it simply makes the

short separations corresponding to non-negligible Van der Waals attraction inaccessible.

Two widely studied hard-sphere-like colloidal model systems prepared in this manner

are stearyl alcohol grafted silica colloids in cyclohexane3, 4 and poly(methyl methacry-

late) (PMMA) particles grafted with poly(12-hydroxystearic acid) in a mixture of tetralin,

cis-decalin and carbon tetrachloride5, 6, decalin and carbon disulphide7, or decalin and

tetrachloroetylene8.

Orchestrating colloidal assembly with small molecules requires instead a sufficiently

shallow interaction potential |U(D)| ≈ 0 kBT at intermediate separations D to ensure both

access to and dominance of the short-ranged intermolecular forces.9

5.3 COLLOIDAL ASSEMBLY

Since colloidal stability implies the absence of (un)controlled clustering, creaming and sedi-

mentation, we must seek out conditions of borderline colloidal stability to induce assembly.

This means that precise control over the delicate interplay of attractive and repulsive forces

is of paramount importance.9, 10 If interactions are too strong, bonds remain permanent

and colloids cannot rearrange into a thermodynamically more favourable configuration.

In case of too weak interactions, assembly is absent or ensembles easily fall apart. Ideally,

one would eliminate all interactions by design, except for a (soft) repulsion operative only

at contact and subsequently introduce a net attractive interaction tuneable in range and

depth, so as to induce colloidal assembly in a reliable fashion.

In 1954, Asakura and Oosawa showed that this is possible through so-called ‘depletion

interactions’,11, 12 which have since been studied and exploited for various purposes (see

Lekkerkerker and Tuinier13 for a detailed account). Simply put, attractive depletion in-

teractions arise in colloid/polymer (and colloid/colloid) mixtures as one species restricts

the volume that can be occupied by the other, non-adsorbing species. Hence, the total ex-

cluded volume decreases if these inaccessible regions, the ‘depletion layers’ overlap, which

causes an effective attraction due to a local imbalance in osmotic pressure. Interestingly,

the strength and range of depletion forces can be tuned independently by variation of

the concentration and molar mass (hence size) of the polymer, as these determine the

osmotic pressure and thickness of the depletion layer. Nowadays, there is widespread
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Figure 5.1 | Formation of a 2D colloidal Kagome lattice. A) Particles with hydrophobic patches with

an opening angle of 65° at the poles and charged equators, are allowed to sediment in deionised water.

Addition of NaCl screens the electrostatic repulsion between the equators and allows self-assembly

through hydrophobic interactions between the poles. B) Fluorescence microscopy image of the

resulting 2D Kagome lattice (main image) and its fast Fourier transform image (bottom right). Scale

bar is 4 µm. C) Enlarged view of the dashed white square in (B). The dashed red lines indicate two

staggered triangles. D) Schematic representation of particle orientations in the lattice. Reprinted by

permission from Macmillan Publishers Ltd: Nature by Chen et al.22, Copyright 2011.

interest in depletion forces as a means to induce clustering into colloidal ensembles.13–16

Elegant examples of its effectiveness and robustness, particularly when combined with

clever design of colloids with e.g. shape or surface anisotropy, include the formation of

‘lock-and-key colloids’17, ‘colloidal micelles’18, and ‘colloidal polymers’16.

Assembly into highly ordered (2D) structures via directional interactions generated

by purely non-directional surface forces is one of the fascinating opportunities patchy

particles offer.19–22 For example, a 2D Kagome lattice (Figure 5.1) was constructed from

spherical, electrostatically stabilised colloids in aqueous solution, coated with hydrophobic

patches at their poles.22 Upon particle sedimentation and subsequent salt addition, the

attractive interaction between the hydrophobic poles outweighed the screened electrostatic

repulsion between the ‘bare’ equators, which induced assembly into a Kagome lattice.

Clearly, control over patch number, patch size, specificity and interaction strength of the

patchy (anisotropic) colloids is paramount to reliably construct assemblies with complex

architectures.19–24
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5.4 MOLECULAR CONTROL OVER COLLOIDAL ASSEMBLY

The success of fine-tuning surface forces for colloidal assembly into supracolloidal architec-

tures is demonstrated by the experimental realisation of colloidal micelles18 and ‘colloidal

polymers’23, plastic crystals25, and 2D Kagome lattices22 to name but a few of the illustra-

tive examples taken from recent literature. Establishing molecular control over colloidal

association offers new and exciting opportunities such as spatiotemporal control over

the structure and properties of colloidal materials (vide infra), but also poses additional

constraints on the experimental design. Through targeted functionalisation of the colloidal

surface with self-assembling molecular moieties, the association at the colloidal length

scale can be controlled by the small molecules on the surface. The range of the attraction is

now of the order of the dimension of the molecular interactions.

Surface forces tend to be strong at such short separations, which constitutes a formi-

dable challenge in adequately diminishing these non-specific interactions. Inevitably,

effective strategies for molecular control therefore utilise a combinatorial approach to

decrease the strength and/or alter the range of the ‘competing’ surface forces on the one

hand and introduce externally addressable molecular control on the other hand.

Strategies to diminish and/or modulate the range of surface forces have been investi-

gated thoroughly. These include for instance reduction of attractive Van der Waals forces by

matching refractive indices, salt addition to modulate the strength and range of repulsive

screened Coulomb interactions, and (non-)covalent attachment of molecular monolayers

or polymer brushes to prohibit direct contact and establish a soft repulsion. Of these, par-

ticularly attractive are strategies that offer simultaneously a means to introduce molecular

control. For example, colloids can be covered with a polymer brush comprising polymers

end-functionalised with a supramolecular26 or metal-coordination-based recognition23, 27

moiety.

Once the surface forces are fine-tuned for molecular control, we can unlock the poten-

tial of vast libraries of small responsive molecules which are under continuous scrutiny and

development to meet a plethora of requirements for various scientific and technological

purposes. Optimal molecular guides for colloidal assembly fulfil a number of criteria. Versa-

tility of synthesis, purification, and characterization is an obvious advantage as multi-step

synthesis (and purification) routes are laborious and time-consuming, impeding the prepa-

ration of large amounts of material as well as regular optimisation of molecular structure

and properties. Furthermore, the moieties must include a functionality for (verification

of) surface-tethering and remain stable against degradation under the reaction and experi-

mental conditions. Several other features boost the potential for control over association

into target structures. Defects can be repaired (locally) only if assembly is reversible and

interactions (temporarily) weak. This is achievable through supramolecular bonds of tune-

able strength which are responsive to, and preferably switchable by, external cues, like light
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which can be spatiotemporally modulated. Reliable organisation in complex environments

composed of mixtures of various functional colloidal species necessitates selective (like

host-guest) interactions between specific compounds, which means aspecific attractive

interactions due to e.g. solvophobicity must be avoided.

In the following sections, we present approaches towards molecular control over col-

loidal association. State-of-the-art experimental systems are presented, each with its own

limitations and opportunities when evaluated against the desired characteristics described

in the above.

5.5 AZOBENZENE-MEDIATED COLLOIDAL ASSEMBLY

Azobenzenes are amongst the most popular photo-switches utilised for a broad range of

purposes, including photo-surfactants28, light-powered motion29–31, photo-switchable

surface topologies32, and photo-controlled drug release33. Azobenzenes reversibly switch

between isomers with and without a dipole moment,34 and thus provide a subtle and

elegant approach to manipulate clustering of colloids. In the usually more stable trans

isomer, azobenzenes have a dipole moment of 0 debye.34 Upon irradiation with light of a

specific wavelength, azobenzenes can isomerise into a cis conformation35, which for fully

hydrogenated azobenzenes has a dipole moment of 4.4 debye34. When surface-tethered

onto particles, the increased dipole moments of the azobenzenes induce dipole-dipole

interactions between the particles, which can lead to association of e.g. gold nanoparti-

cles.34–36

In a series of papers, Klajn and co-workers eloquently manipulated the assembly of

gold nanoparticles with a diameter d = 5.6 nm, functionalised with azobenzene di- and

monothiol ligands34, which were attached to gold surfaces via well-established chemical

methods37. Course-grained calculations showed that the small gold nanoparticles could

assemble with as few as 16 azobenzene ligands per particle in cis conformation,34 which was

confirmed experimentally by the formation of micrometre-sized crystals from the particles

with a low coverage of azobenzene dithiol ligands ( ∼20 ligands per particle) dispersed in

20-25% v/v methanol in toluene (Figure 5.2).34 These reversible crystals remained intact

only under continuous UV irradiation, while exposure to visible light or thermal treatment

redispersed the gold nanoparticles. Interestingly, an increase in the surface coverage of the

adsorbed telechelic azobenzene dithiol ligands gave the crystals a permanent character.

That is, they remained assembled at high temperatures and under sonication as particles

were permanently crosslinked by bridges of ligands that adhered to two particles. As

expected, comparable ligands with only a single thiol terminus did not yield such stable

ensembles.34–36

Rewritable materials were manufactured from gold nanoparticles (AuNPs) coated with

70



Molecular control over colloidal assembly

Figure 5.2 | Size control of gold nanoparticle

ensembles by irradiation dose. A) Small or-

dered structures of only a few nanoparticles are

formed after 10s of irradiation with UV light.

Upon further irradiation, free nanoparticles from

solution are incorporated in the ‘nuclei’ to form

assemblies consisting of hundreds (B and C) to

millions (D) of nanoparticles. Scale bars are (A) 5

nm, (B) 20 nm, (C) 50 nm and (D) 200 nm. Copy-

right 2007 National Academy of Sciences.34

azobenzene monothiol ligands, by profiting from the interplay between the optical prop-

erties and association of plasmonic particles.36 Light-induced self-assembly of AuNPs

incorporated into organogel films was triggered locally by application of a photomask

during UV-irradiation. The colour of the irradiated regions changed from red to blue as the

irradiation dose increased, due to a blue-shift and broadening of the AuNP surface plasmon

resonance band upon assembly of the metal nanoparticles. Multiple colours can thus be

‘written’ into a film containing only one type of metal particles.

Since UV light is harmful to biological tissues and promotes unwanted side reactions, it

is of interest to change the type and position of the substituents of the azobenzene which

determine the wavelengths at which the azobenzene isomerises from trans to cis, and vice

versa.35, 38–40 For example, introduction of a dimethylamino group at the para position

allows for trans-cis isomerisation at λ = 420 nm (instead of λ = 365 nm for the parent

azobenzene), while irradiation with λ = 365 nm leads to recovery of the trans isomer.35

Klajn and co-workers exploited this feature for selective assembly in mixed populations of

nanoparticles functionalised with different azobenzenes, which assembled upon irradiation

with either λ = 365 nm or 420 nm.35 The particles could be redispersed by an increase in

temperature, which converted all azobenzenes back into the trans isomer.

Azobenzene-mediated colloidal assembly is clearly versatile as it enables local acti-

vation36, control over the association strength and crystal size36, the formation of both

transient and permanent crystals25, and light-induced selective assembly35. However, the

impact of remnant, non-negligible Van der Waals interactions (due to a mismatch in the

refractive indices of the AuNPs and the medium) on these experiments remains largely

unclear. Furthermore, the utilised dipole-dipole interactions are not specific interactions,

only the independent photo-isomerisation of different azobenzenes provides selective

association of colloids in these studies. Selective interactions can be introduced by utilising

other molecular handles such as host-guest complexes.

71



Chapter 5

5.6 HOST-GUEST MEDIATED COLLOIDAL ASSEMBLY

Selective interactions between a host molecule and other molecules that are sufficiently

small to fit neatly into the cavity of the host are known under the umbrella term host-guest

interactions. The formation of such host-guest complexes clearly requires size compatibility

and further favourable interactions between the host and guest(s).41 In the case that the

guest molecule is too large, it cannot enter the cavity of the host. If the guest molecule

is too small, the host-guest interactions may be weaker than if the guest fits well. In

aqueous systems, the cavity of the host is usually hydrophobic in nature, and hydrophobic

interactions play an important role in the complex formation. The interplay between the

interactions involved in stabilising the complex determines the strength and stability of

the formed host-guest complexes. The varying strength of attraction for different guests

provides an (irreversible) approach to disrupt the initial complexes through addition of

competitive guests which interact stronger with the host.

β-cyclodextrin (β-CD) is a common barrel-like water-soluble host, often used in com-

bination with the hydrophobic adamantyl or trans-azobenzene as guests.39, 42–44 Another

frequently used host is cucurbit[8]uril (CB[8]), which is a barrel-like molecule able to form

a heteroternary complex with an electron-deficient first guest and an electron-rich second

guest.45 Typically, the electron-deficient guest is methyl viologen (MV2+) or a derivative

thereof.45–48 Naphtol or derivatives thereof are often used as electron-rich guests.45, 49

Trans-azobenzene is also a suitable guest molecule for CB[8], whereas the cis isomer is

not. It cannot form a complex with CB[8] because of unfavourable steric and electrostatic

interactions.50

The selectivity and photoswitchability of host-guest interactions involving azoben-

zenes have been exploited to control assembly in the colloidal domain. First, a shell of

small MV2+-functionalised styrene-based colloids, complexed with CB[8], was immobilised

onto an azobenzene-functionalised silica core to generate hybrid raspberry-like colloids

(HRCs).51 A densely packed corona could be achieved only for a limited range of number

ratios between core and corona particles for a given size ratio. Irradiation at λ = 350 nm

induced isomerisation of the azobenzenes and thereby dissociation of the HRCs. The

reconstruction of the HRCs upon irradiation with λ = 420 nm was not complete; some of

the HRCs aggregated and MV2+-functionalised corona particles remained free in solution.51

Hollow mesoporous silica spheres (d = 330 nm) for on-demand cargo release were

prepared by first growing a 25 nm thin silica layer onto a polystyrene support – in the

presence of worm-like micelles to form the pores – after which the support was dissolved

and the silica shell subsequently functionalised with azobenzene.52 A corona of MV2+-

functionalised iron oxide particles (dTEM = 7 nm) was deposited on the hollow silica spheres

through the formation of a heteroternary complex with CB[8] which turned the hollow

particles into containers. Upon irradiation with λ = 350 nm, the azobenzenes isomerised
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to the cis conformation, disrupted their complexation with CB[8] and thereby released

the small iron oxide particles from the surface of the silica spheres. The light-responsive

containers were tested for cargo retention. Strikingly, low molar mass compounds as small

as M ≈ 137 g·mol−1 were effectively retained. This compares favourably to other containers,

which are reported to be considerably more ‘leaky’, as these lose over 10% of 10 kg·mol−1 or

larger cargo within 20 minutes.45, 49

Through careful spatial control over the colloidal surface functionalisation, selective

β-CD mediated host-guest interactions can be made directional. A means to this end is

the selective functionalisation of isolated areas on patchy particles with either β-CD or

its guests. To create particles with suitably sized patches, Huskens and co-workers first

covered a monolayer of d = 5 µm silica particles with a layer of spincoated poly(methyl

methacrylate) (PMMA), which can be partially removed by O2 plasma etching.20 The size

of the exposed silica surface could be tuned by manipulation of the duration of the plasma

etching: the longer the etching time, the thicker the PMMA layer that could be removed,

thus exposing a larger area on the particle surface. Subsequently, the silica surface could be

selectively modified at the exposed area while the particles were still partially embedded in

the PMMA. The remaining PMMA was gently removed by rinsing with appropriate solvents

to enable functionalisation of the newly exposed area. Colloidal assembly into dimers of

complementary particles functionalised with either β-CD or adamantyl was demonstrated

for colloids with a sufficiently small size of the functionalised patch corresponding to

opening angles below 60°. The specificity of the attractions could be easily identified

through fluorescent colour coding of the functionalised colloids.20 Janus particles with two

functionalised patches of a suitable size should give access to more complex architectures

such as extended (open) lattices.22

Using trans-azobenzene instead of adamantyl as a guest renders host-guest complex-

ation with β-CD light-responsive. This approach has been implemented for the light-

induced reversible association of β-CD- and azobenzene-functionalised silica particles

of d ≈ 10 nm into disordered structures upon irradiation with λ = 365 nm.42 Although

evidently promising as a molecular tool to guide colloidal assembly, the limited selectivity

of host-guest interactions prohibits precise control in multi-component mixtures. To self-

organise particles in these materials with high fidelity into single-species (or conversely

mixed) clusters requires instead tuneable specific interactions.

5.7 DNA-MEDIATED COLLOIDAL ASSEMBLY

Hybridisation of single-strand deoxyribonucleic acid (ssDNA) with a complementary strand

has become a popular means to mediate assembly of particles into both ordered and dis-

ordered soft materials with unique optical, mechanical, magnetic, and catalytic proper-
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ties.53–61 Its high binding specificity originates from the nucleotide sequence along the

DNA backbone, as the nucleotides adenine and thymine bind through double hydrogen

bonds, while guanine and cytosine form triple hydrogen bonds. Various other factors be-

sides nucleotide sequence – including pH, salt concentration and temperature – also affect

the thermodynamics of DNA hybridisation.62, 63 Conveniently, the process is now well

understood, which makes it possible to accurately tailor DNA sequences (using free online

software tools) to meet certain requirements of e.g. binding specificity and melting tem-

perature, and to subsequently purchase the desired strands from a variety of commercial

sources.

Pioneering attempts to utilise the binding specificity of DNA to control particle assembly

were published in 1996.64, 65 Alivisatos et al.64 functionalised short ssDNA sequences with

a single d = 1.4 nm gold nanocrystal, which subsequently hybridised with a complementary

ssDNA segment to form dimers or trimers. Mirkin et al.65 made use of a linker, consisting of

a short double stranded DNA (dsDNA) segment with two ssDNA ‘sticky ends’. Upon addition

of the linker to two mutually non-complementary populations of ssDNA functionalised

gold nanoparticles of d = 13 nm, the particles self-assembled into large reversible clusters.

Roughly ten years later, the first reversible crystalline assemblies of DNA-functional

micron-sized colloids were reported (Figure 5.3).53, 63, 66–68 Preparing such structures con-

stitutes a grand challenge since kinetic trapping into disordered states en route to thermody-

namically favoured crystalline structures is common, due to the strong attraction between

ssDNA strands and the large number of DNA-mediated connections between micron-sized

colloids.54, 63, 67 Counterintuitively, a denser DNA coating on the large colloids may (par-

tially) solve this problem.66, 67 A sparse and random functionalisation of large colloids can

yield bonds that are strong enough to mediate stable clustering, but the low coverage causes

an inhomogeneous interaction potential. Increasing the surface density of functional DNA

strands and simultaneously weakening their attraction strength creates a soft(er) and more

homogeneous attractive field around each colloid.66, 69 Similarly, a smooth particle sur-

face generates a more sphero-symmetrical interaction potential than a rough surface.67

Other strategies investigated to circumvent kinetic traps utilise palindromic sequences and

surface-mobile linkers.57, 70–72 Palindromic sequences are (partially) self-complementary

ssDNA sticky ends, which can (partially) self-protect (i.e., self-hybridise), which offers an

additional means to control association kinetics, namely through (time dependent) ther-

mal quenching.70, 71 Enveloping colloids in a lipid bilayer yields particles with a mobile

surface layer into which functional DNA sticky ends can be anchored.57, 72 A direct com-

parison between clustering of colloids coated with mobile and immobile strands shows

that lateral freedom of motion of the interparticle links may facilitate crystallisation, as

clusters from particles with mobile DNA linkers are more ordered and compact than col-

loidal clusters from beads carrying immobile strands.72 Colloid-supported lipid bilayers
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Figure 5.3 | Crystallisation of DNA-functionalised colloids. Confocal microscopy images of different

crystals and crystal planes of DNA-functionalised colloids, and their schematic representations. The

colloids are functionalised with palindromic self-complementary ssDNA (‘P’, red), or complementary

‘A’ (green) and ‘B’ (red) ssDNA. The fluorescent dye is incorporated in the surface-functional group.

Crystals are assembled from colloids of different sizes and stoichiometries. Scale bars are 5 µm. a)

A face-centred cubic (FCC) lattice is formed from d = 1 µm P particles. The 111, 100, 110 and 311

crystal planes are displayed. b) d = 1.0 µm A and complementary 1.0 µm B particles form a lattice

that is isostructural to CsCl. The 110, 100, 111, and 211 planes are displayed. c) d = 1.0 µm A and 0.54

µm complementary B particles for a lattice that is isostructural to AlB2. The 100, 001, 111 and 101

planes are displayed. d) d = 1.5 µm A and 0.54 µm complementary B particles form a lattice that is

isostructural to Cs6C60. The 110 and 100 planes are displayed, together with the red channel image

showing only the small B particles. ‘Colloidal crystals assembled from DNA-coated colloids’, by Y.

Wang et al.66 is licensed under CC BY 4.0.

have been studied systematically for use in self-assembly.73 The allowed lateral motion of

the colloid-colloid bonds facilitates not only crystallisation72, but also the construction of

colloidal joints with a specific range of motion and coordination number74.
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Addition of free ssDNA strands to a binary mixture of complementary DNA-functiona-

lised colloids provides an extra handle to control the colloidal phase behaviour through

displacement reactions.75 The competition between enthalpy and entropy induces complex

phase behaviour by stabilising dispersions of singlets at low temperature, solid phases at

higher temperature, and finally dispersions of singlets above the melting temperature at

which all DNA is dissociated.75

DNA-mediated colloidal assembly into a range of lattices that are isostructural with

fcc, bbc, hcp, CsCl, Cr3Si, AlB2, and Cs6C60 demonstrates the versatility, the precision and

the utility of this unique approach to synthesise reversible supracolloidal structures.76–79

But, also this strategy has its drawbacks. DNA, like most biological macromolecules, is

only stable in a precisely controlled aqueous environment, thus excluding application

in organic solvents. This restriction has further implications, as most colloids cannot be

refractive index or density matched in water, resulting in a non-specific Van der Waals

attraction between the particles that must be compensated or shielded by covering the

colloidal surface in polymer brushes. In addition, virtually every desired DNA sequence is

commercially available but is expensive, which complicates application of this technology.

Finally, DNA-mediated assembly into highly crystalline lattices is slow (on the order of days)

and responsive to only temperature as reversible external trigger.60, 72, 80 It would be inter-

esting to accommodate for additional external triggers, like light, which can be applied with

higher spatiotemporal resolution. Recent studies on azobenzene-functionalised oligonu-

cleotides demonstrated the exciting possibility of light-responsive DNA hybridisation81–83

and azoDNA-mediated colloidal association.84 Since the trans isomer can intercalate in

between bases, while the cis isomer cannot, UV-light induced trans-to-cis isomerisation of

pendant azobenzenes triggers thermoreversible dehybridisation of azo-dsDNA.

5.8 CONCLUDING REMARKS

In sum, tailoring the structure and composition of hierarchical soft materials on all length

scales spanning from the dimensions of the individual building blocks to the meso- and

macroscopic length scales of their assemblies requires precise control over the synthesis

of both the building blocks and the materials made thereof. First, particle size, shape and

surface chemistry must all be carefully balanced. Second, colloidal assembly must be pre-

dictable and adjustable – ideally via spatiotemporal control over surface forces with external

cues – throughout the entire process of formation of the final material. Kinetic traps must

be avoided, assembly pathways adapted, defects repaired (unless irrelevant for the target

properties), and surface forces tuned. Essential is a profound understanding of the relation

between ligand characteristics, assembly kinetics, and phase behaviour, which requires

direct comparisons between systematic experimental and computational studies focusing
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on factors like the competition between intra-particle loops and inter-particle bridges, the

interplay between assembly kinetics and structure formation, and the (molecular) details

of the ligand-mediated surface forces (range, strength, multivalency, surface heterogeneity,

lateral mobility). Weakly attractive, reversible inter-particle interactions are often – but not

always – desirable. At other times, it may be useful to ‘fixate’ field- or confinement-induced

architectures which are not attainable (at sufficiently high yield) through other means.85–87

A marriage between supramolecular and colloidal chemistry opens up many opportunities

in this fundamental playground.
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CHAPTER 6

TOWARDS RESPONSIVE COLLOIDAL

SELF-ASSEMBLY

Small silica nanoparticles and large silica microparticles are functionalised with tem-

perature- and light-responsive supramolecular moieties in a simple and robust two-step

reaction scheme. The exclusively hydrophobised microparticles – i.e. solely sterically

stabilised with hydrocarbon chains – turn out to display both attractive and repulsive inter-

actions. Since the strength of these interactions seems to decrease with decreasing particle

size, the responsive (assembly) behaviour of the azoBTA-functionalised nanoparticles is

further investigated. In the good solvent THF, the azoBTA moieties remain addressable with

UV light when tethered to the surface of nanoparticles. In the alkane solvent MCH, specific

BTA-BTA interactions might be operational but cannot be indisputably confirmed yet.



Chapter 6

6.1 INTRODUCTION

Numerous synthetic colloidal materials are inspired by Nature, and are engineered to dis-

play specific chemical, optical or electrical properties, as discussed in Chapter 5. Many of

these synthetic materials, however, lack the dynamics and responsiveness often observed

in natural colloidal materials. In the past years, colloidal systems have been designed

that are responsive to, e.g., changes in temperature1, 2, pH3, salt concentration4 or solvent

quality5. These cues however cannot be applied locally, and most are not reversible because

components have to be added to trigger a response. An external cue that can be applied

in a closed system and with high spatiotemporal accuracy is light, which has been used

by several groups to initiate6 or reversibly control7–9 colloidal assembly through various

strategies. The interactions between colloids are often mediated through surface-tethered

moieties.10, 11 This strategy allows a relatively high degree of synthetic freedom for cus-

tomisable moieties to govern the colloidal interactions and thus stability. Many examples

of light-responsive colloidal surfaces are described in Chapter 5. Key to obtaining tune-

able colloidal assembly is acquiring control over the (attractive) interactions between the

surface-tethered moieties.11 Ideally, these elements can undergo specific social assem-

bly (i.e. heteroassembly) – albeit mediated through a third compound – or narcissistic

self-assembly (i.e. moieties are self-compatible).12, 13

Inspired by hydrogen-bonding motifs in nature, various synthetic compounds have

been developed to narcissistically self-assemble through hydrogen-bonding in a tem-

perature dependent manner in a wide range of solvents. Derivatives of benzene-1,3,5-

tricarboxamide (BTA, Figure 6.1A), for example, form helical columnar structures as the

carboxamides interact though an extensive network of triple hydrogen bonds between

adjacent molecules.14 Interestingly, this supramolecular polymerisation is both temper-

ature and solvent-dependent as these affect the strength of the intermolecular hydrogen

bonds.15 Furthermore, molecular association is readily detectable by Circular Dichroism

(CD) spectroscopy provided a stereogenic centre is included in one or more of the BTA side

chains.16, 17 This incorporation generates a surplus of either left- or right-handed helices,

which can be monitored sensitively by CD spectroscopy. To obtain an additional handle to

control the self-assembly, hydrogen-bonding can be sterically hindered by a photolabile

group, which enables UV-light initiated assembly upon photocleavage of the protecting

group from the ‘caged’ BTA.17 In summary, responsive hydrogen-bonding motifs have been

engineered for reversible assembly in solvents of various polarities,15 and it explored here

whether these can act as handles for colloidal assembly upon covalent attachment to the

surface of particles.

Recently, stearyl alcohol coated silica particles, dispersed in cyclohexane, were cova-

lently functionalised with BTAs ‘caged’ with o-nitrobenzyl to yield both light and temper-

ature responsive colloids (Figure 6.1B&C).17 Confocal microscopy experiments demon-
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Figure 6.1 | Light and temperature responsiveness of BTA-functionalised colloids. A) Chemical

structure of BTA. B) Schematic representation of cleaving off the photolabile group of surface teth-

ered BTAs by UV light, thereby allowing the BTAs to assemble. C) Before UV irradiation the green

fluorescent colloids are dispersed, and they form clusters upon exposure to UV light. Increasing the

temperature disrupts the hydrogen bonds between BTAs and enables redispersion of the colloids,

which will cluster again upon lowering of the temperature. Reprinted with permission from De Feijter

et al.17 Copyright 2015 American Chemical Society.

strated that fluorescent colloidal spheres with a diameter d = 513 nm with a 20% BTA surface

coverage remained primarily in a singlet state (f singlet ∼ 0.8) prior to UV irradiation as the

BTAs were ‘inactive’, the colloids were sterically stabilised and refractive index matched

by the stearyl alcohol coating. The singlet fraction decreased rapidly upon UV irradiation

at λ = 354 nm as colloidal clusters grew in number and size as an increasing amount of

tethered BTAs was uncaged and free to interact. Additional light scattering experiments on

d = 26 nm functionalised colloids demonstrated thermo-reversible colloidal association

and dissociation upon repetitive cycling between T = 20 °C and 75 °C.17 Interestingly, the

time-dependent UV light activation and the broad transition regime between the clustered

and dispersed states (∼10 °C) reveal the exciting potential of external control over the

multivalency and interaction strength of these so-called supramolecular colloids.

The above example shows that supramolecular motifs are promising tools to achieve

precise control over surface forces. Essential features like solvophilicity, responsivity, ex-

ternal addressability, stability, specificity, tuneability, and detectability are encoded in the

molecular design and can be transposed from the molecular to the colloidal domain. How-

ever, to fully exploit the power of this approach and create, well-ordered three-dimensional

structures with emergent properties, further improvements to the molecular and particle

design are required. Simultaneous refractive index and density matching is one aim, on-off

light-switchable (as opposed to light-activatable) interactions (without compromising tune-

ability in strength in the on-state) is another. Furthermore, the premise of spatiotemporal

control over surface forces should be critically tested.

Here we aim at designing the next generation of such fully reversible tuneable col-
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loids, by modifying the molecular structure of the photo-activatable BTA described in the

above.17 Instead of photo-activatable by cleaving off a group, the BTAs designed here can

be reversibly switched between an ‘on’ and ‘off’ state by incorporation of an azobenzene.

Nano- and micron-sized silica particles are covalently decorated with these azoBTAs, and

their (responsive) assembly behaviour is probed and benchmarked to solely hydrophobised

silica colloids.

6.2 RESULTS AND DISCUSSION

6.2.1 Synthesis of supramolecular colloids

Hard-sphere colloids are a commonly used model system in theoretical studies, as their

behaviour is relatively simple to describe mathematically and provide useful insights into

general trends.18, 19 Additionally, particles in theoretical studies are (typically) not polydis-

perse and, in principle, their size and shape are tuneable, thereby facilitating the existence

of phase states not observed in experiments due to current limitations in the synthesis of

colloids. Theoretical studies are often used to facilitate the set-up of experimental boundary

conditions20, or vice versa, theoretical studies are used to quantify or explain experimen-

tal observations21. The integration of theory into experimental work, and experiments

into theoretical work provides a powerful platform to gain a deeper understanding of the

underlying principles governing the topic of interest. Unfortunately, in this case, true hard-

sphere colloids are difficult to obtain experimentally, and according to some do not exist at

all.19 A classic example of an experimental system that approaches hard-sphere colloids

is silica particles densely coated with octadecyl (C18) moieties dispersed in cyclohexane

(CH) to provide steric stability and compatibility between apolar CH and polar silica.22, 23

Additionally, the C18 coating closely matches the refractive index of the silica particles to

cyclohexane, thereby diminishing attractive Van der Waals interactions.22, 24

In this chapter we aim to include moieties with specific and tunable interactions into

the pool of aliphatic ligands, and therefore require a functional anchor in this layer. For com-

patibility and commercial availability we select octadecyltriethoxysilane ((EtO)3SiC18H37,

abbreviated C18), dodecyltriethoxysilane ((EtO)3SiC12H25, abbreviated C12) and 11-amino-

undecyltriethoxysilane ((EtO)3SiC11H22NH2, abbreviated C11NH2) as reactants for colloidal

surface modification. The C18 or C12 moieties will provide the solvophilic coating, and the

C11NH2 acts as anchoring points for the functional azoBTA.

Here we surface-functionalise silica particles with the aforementioned moieties. We

select silica nanoparticles (Ludox® TMA, dTEM = 29.2 ± 3.8 nm, hereafter referred to as

’Ludox’) and fluorescent silica microparticles (dSEM = 1.37 ± 0.07 µm, Figure 6.2A). The

fluorescent microparticles are used in optical microscopy studies – the fluorescent probes
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Figure 6.2 | Microparticles and chemical structure of PFazoBTA. A) SEM micrograph of fluorescent

dSEM = 1.37 ± 0.07 µm silica microparticles. The scale bar represents 5 µm. B) The moiety used for

modification of the colloids comprises a BTA capable of hydrogen bonding, chiral substituents to

allow detection of assembly through CD spectroscopy, an azobenzene capable of photo-isomerisation,

and a pentafluorophenyl group to enable high-yield conversion of amines.

facilitate detection of the colloids through confocal microscopy – and the nanoparticles are

used for spectroscopic analysis and light scattering experiments. The fluorescent dye (Cy5)

present in the core of the microparticles is chosen such that the excitation wavelength does

not interfere with the cis-trans photo-isomerisation of the azobenzenes.

The silica nano- and microparticles are functionalised in two steps: first the hydropho-

bic layer containing amine-functionalities is applied, after which the amines are func-

tionalised with pendant azoBTA moieties to transfer their responsive properties to the

colloids. A typical modification is performed by using (mixed) functional triethoxysilanes

as described before in a modified Stöber process.25 The protocol is described in detail in

Section 6.4. In short, the ethoxysilanes are hydrolysed to ethoxysilanols in a water:ethanol

mixture in presence of ammonia as catalyst. The formed silanols condense with other

silanol- or ethoxysilane groups thereby forming a covalent network with the silica matrix

of the hydrophilic precursor (nano-)particles. The presence of amine-termini allows for

decoration of the colloids with functional moieties using a pentafluorophenyl derivative of

an azobenzene-substituted BTA moiety (Figure 6.2B). For the non-fluorescent nanoparti-

cles successful functionalisation with the azoBTA moiety can be observed from the yellow

colour of the colloids visible after centrifugal sedimentation.

First, the silica nanoparticles are hydrophobised, and purely C12 and C18 coated parti-

cles are obtained. In order to select either C12 or C18 as the hydrophobic coating, we deter-

mine which of these coatings best matches the refractive index of the dispersion medium

since the Van der Waals interactions depend on the magnitude of the mismatch. Specifically,

we determine the refractive indices of nanoparticle suspensions in CH containing different

weight percentages of purely C12- and C18-coated Ludox at constant temperature and wave-

length. Then the obtained trend between refractive index and nanoparticle concentration
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Figure 6.3 | Refractometry on hydrophobised

Ludox. The measured refractive indices for pure

cyclohexane (triangle), and cyclohexane con-

taining different weight concentrations of Lu-

dox coated with C12 (black circles) and C18 (grey

squares). Lines are added to guide the eye and

represent the extrapolation to 100wt% colloids.

is extrapolated to a weight percentage of 100% to determine the refractive index of the pure

nanoparticles.26 We obtain nC12 = 1.455 and nC18 = 1.463 for the particles coated with C12

and C18 respectively, (Figure 6.3) which both significantly deviate from the refractive index

of 1.427 measured for CH (Figure 6.3, triangle). Surprisingly, coating the nanoparticles with

C12 appears to best match the refractive indices of solvent and functionalised nanoparticles,

whereas previous experimental studies focussed on C18-coated silica.22–24 In addition, it is

possible that the amine-functionalities in the pool of significantly longer C18 ligands are

rendered inaccessible to the PFazoBTA reactant. Therefore, we select the C12 coating as

most likely to allow both successful modification and close matching of refractive indices.

6.2.2 Reference microparticles are not purely hard-sphere

Next, silica microparticles were coated with C12, and the behaviour of these colloids

in suspension and under various stimuli was studied to obtain a reference for azoBTA-

functionalised colloids. The C12-functional micron-sized silica colloids have been investi-

gated with bright-field microscopy to observe whether the colloids in can be dispersed in

(M)CH. After 10 mins of ultrasonication most of the colloids are present as singlets (Figure

6.4A). The ease with which we observe these colloids in bright-field microscopy indicates

that the refractive indices of the colloids and CH are not closely matched, thus the colloids

likely exhibit attractive Van der Waals interactions. It is in fact unlikely that the C12 coating

extends far enough from the particle surface to render the zone with significant Van der

Waals attractions inaccessible to other colloids. The aggregates we observe are mostly

elongated or ‘open’ in conformation (see Figure 6.4B), indicating that in addition to the

attractive Van der Waals interactions, the colloids likely also possess residual charges27, 28

which result in long-ranged electrostatic repulsive interactions. Namely, in the case of

short range attraction and long range repulsion, kinetic arguments dictate linear growth of

colloidal clusters.28 This has been shown both in computational29, 30 and experimental28, 31

studies.
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A) B)

Figure 6.4 | Optical microscopy of hydrophobised silica microparticles in CH. A) Bright-field and

B) confocal micrograph of a dilute dispersion of C12-coated silica microparticles in CH.

In order to evaluate the relevance of the Van der Waals attractions we estimate the

strength and range of the Van der Waals energy using

W (h) =−AR/12h

for two spheres across a medium32. Here, h is the surface-surface separation between the

particles, R the radius of the particles, and

A = 3

4
kBT (

εp −εm

εp +εm
)2 + 3hνe

16
p

2

(n2
p −n2

m)2

(n2
p +n2

m)
3
2

is the Hamaker constant with εp , εm , np and nm the permittivity and refractive index of the

particle and medium, respectively, h the Planck constant, νe the main electronic absorption

frequency. The radii of the silica particles were determined using electron microscopy, see

the previous section. The refractive indices of the medium and C12-coated nanoparticles

were also measured. For νe we assume32 3 ·1015 s−1, εp and εm are approximated as 3.9[33]

and 2.02[34], respectively. Experiments were performed at T = 293 K. We assume the

refractive index of the silica microparticles equals that of the silica nanoparticles. The

estimated Van der Waals interaction as a function of the surface-surface separation is

plotted in Figure 6.5A. It is clear that the size of the colloids significantly affects the strength

and (effective) range of the Van der Waals attractions. For the nanoparticles the magnitude

of the interaction energy is less than a kBT at separations larger than the polymer brush

length ∆≈ 2 nm (Figure 6.5A, dashed curve), and thus thermal motion enables breaking

up any potential clusters. According to the crude approximation presented here, the

attraction between the microparticles (Figure 6.5A, solid curve) is much stronger and

longer-ranged than between the nanoparticles. Even for h = 5 nm the attraction is still more

87



Chapter 6

0 5 10 15 20 25

h / nm

-4

-3

-2

-1

0

W
V

d
W

(h
) 

/ 
k

B
T

d = 30 nm
d = 200 nm

d = 1370 nm

A)

unstable

stable

0 0.002 0.004 0.006 0.008 0.01

2 /d / -

0

0.2

0.4

0.6

0.8

1

A
 /

 k
B
T

B)

Figure 6.5 | Estimated Van der Waals interaction energy and dispersion stability. A) The particle

separation dependence of the Van der Waals interaction energy was estimated for C12-coated silica

(εp = 3.9,np = 1.455) nanoparticles (d = 30 nm, dashed curve) and microparticles (d = 1.37 µm, solid

curve) in cyclohexane (εm = 2.02,nm = 1.427). Predicted interaction energies for silica particles of an

intermediate size (d = 200 nm, dotted curve) are included for reference. B) Predicted stability of a

colloidal dispersion, based on the limit B2
* =−6, for a dispersion of colloids with diameter d coated

with a polymer layer of thickness ∆, characterised by a Hamaker constant (A).

than 1 kBT. At close proximity, that is h ≈∆, the strength of the Van der Waals interaction

energy significantly exceeds kBT, and thus thermal motion does not suffice to break up

the clusters. For reference purposes, the estimated Van der Waals attractions for silica

particles of intermediate size d = 200 nm are included in Figure 6.5A (dotted curve). The

estimated strength of the Van der Waals attractions for particles of this size is weaker than

kBT, implying that this would be a reasonable particle size for C12 coated silica colloids.

Experiments show that hydrophobised silica of this approximate size is stable in CH.22

In order to probe the requirements for obtaining a dispersion of hard-sphere silica

colloids of a large size, we employ the approach as described by Bremer et al.26 and

determine at which relative polymer brush length (∆) and Hamaker constant (A) the second

virial coefficient B 2
* =−6 for colloids of d = 1.37µm. This value is typically taken as the limit

for fluid-fluid phase separation, and thus the limit of stability of a colloidal dispersion.35

The boundary between stable and unstable systems is where B 2
* =−6 is depicted in Figure

6.5B. From the estimation for the Hamaker constant in our system (A ≈ 0.12 kBT) and

2∆/d ≈ 2×2/1370 ≈ 0.003 we would expect this to be in the stable domain depicted in

Figure 6.5B, although close to the boundary. Likely other attractions, in combination with

the long range and significant strength of the Van der Waals attractions at short separations,

render the current colloidal system unstable. Assuming that longer polymer brushes (of

a different material) do not significantly affect A, increasing 2∆/d to 0.01 would yield a

value for B 2
* that is further from the stability limit. This would require a polymer layer of
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∆≈ 7 nm, which matches the interparticle distance at which the estimated Van der Waals

interaction energy decreases to kBT in Figure 6.5A. Assuming the surface coverage is dense

enough for the chains to be stretched from the surface, the required 7 nm would correspond

to a chain length of about 7/2×12 = 42 carbon atoms.

These combined observations indicate that micron-sized colloids with a slight mis-

match in refractive index are ill-suited as model system for hard-sphere colloids. In spite of

a large number of attempts, it appears to be impossible to reproduce the results obtained

by De Feijter et al.17 The fraction of colloids present as singlets differs significantly between

samples, and is not easily reproducible. Even without self-assembling moieties present,

there seem to be strong attractions between the hydrophobised silica colloids in our study.

Experiments performed on o-nitrobenzyl BTA-functionalised silica micropartices, kindly

provided by De Feijter et al.17, also do not yield satisfying results when attempting to re-

produce their results. Possibly, the C12 or C18 moieties do not extend sufficiently far from

the colloidal surface to efficiently sterically stabilise the colloids against attractive Van

der Waals forces. This is a generally occurring problem with colloidal materials in this

size-range, and often the functional groups extend much further from the colloidal surface

into the solution than in this study.2, 36 With no experimental system to benchmark the

azoBTA-functional microparticles, we continue with and focus on the azoBTA-functional

nanoparticles since the Van der Waals interactions should not destabilise these colloids.

6.2.3 Photo-isomerisation of azoBTA on dispersed nanoparticles

We first probe the addressability of the azobenzenes after anchoring the azoBTA moieties

to the colloidal surface. The nanoparticles are stable against aggregation in THF, as it is

a good solvent for both the C12 ligands and the BTAs, and the zone with significant Van

der Waals interactions is inaccessible; no changes in the sample were visible after weeks

of storage in THF. The UVvis absorption spectrum of a pristine dispersion in THF reveals

a π→ π* band around λ ≈ 365 nm and a weak n → π* band at λ ≈ 430 nm, typical for

trans-azobenzene (Figure 6.6A, black curve). Upon UV irradiation, an absorption spectrum

typical of cis-azobenzene appears: a π→ π* band at λ ≈ 310 nm, and an n → π* band

at λ ≈ 450 nm (Figure 6.6A, grey curve). Subsequent irradiation at λ = 455 nm recovers

the original absorption spectrum of trans-azobenzene, indicating the addressability of

the azobenzene with light is not significantly hampered by the covalent tethering to the

colloidal surface. The photo-isomerisation is fully reversible for at least 11 cycles (Figure

6.6B), as evidenced by the repetitive acquisition of (approximately) the same absorption

values at the wavelengths at which both isomers are irradiated. The addressability and

robustness of the photo-isomerisation are very promising for use in sustainable and re-

useable materials.
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Figure 6.6 | Robust photo-isomerisation of azoBTA at colloidal surface. A) UVvis absorption spectra

of the azoBTA-functional nanoparticles in THF before (black line) and after (grey line) exposure to

λ = 365 nm light. B) Repeated irradiation at λ = 365 nm and λ = 455 nm results in reversible photo-

isomerisation of the azobenzenes, as indicated by the absorption values at λ = 365 nm (circles) and λ

= 455 nm (squares). Irradiation was performed at 10 s intervals using 100% of the LED intensity at

1000 mA.

6.2.4 Association of functionalised nanoparticles in selective solvents

After confirming the retained photo-isomerisation upon tethering the azoBTA to a colloidal

surface, the availability of BTAs for self-assembly is tested by observing changes in light

scattering intensity and self-diffusion of particles at different solvent compositions. The

solvents used are THF, in which the BTAs do not self-assemble, and methylcyclohexane

(MCH), in which azoBTAs do self-assemble. Here we substitute CH for MCH because

this enlarges the available temperature window for (potential) thermal cycling between

associated and dissociated colloids. By increasing the fraction of MCH in the solvent

mixture, it is expected that – upon reaching a critical concentration – the tethered azoBTAs

assemble. Clustering of particles typically leads to an increased scattering intensity in static

light scattering (SLS), because theory predicts that I ∼ d 6, where d is the typical length scale

of the particles/clusters. Also a decreased diffusion coefficient as measured by dynamic

light scattering (DLS) is expected since larger clusters move more slowly. Solely monitoring

the scattering intensity is not sufficient for reliable detection of particle clusters, as the

contrast decreases at higher concentrations of MCH because nC12 colloids ≈ 1.455, nTHF =

1.407 and nMCH = 1.423. This explains why the scattered intensity from SLS in this case

cannot elucidate colloidal clustering in a straightforward fashion (Figure 6.7A). From pure

THF to 1:1 THF:MCH, the scattered intensity decreases, as refractive indices are better

matched between particles and solvent. At THF:MCH 1:4 and 1:9 the scattered intensity

decreases further at high q values, but increases at lower q values; the slope increases.

In the representation of Figure 6.7A, the slope scales with the characteristic length scale
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Figure 6.7 | Light scattering of azoBTA functional ludox. A) The natural logarithm of the scattered

intensity measured at various scattering vectors (q) and solvent compositions by weight. B) The

decay rate of the autocorrelation functions at various scattering vectors (q) and solvent compositions

indicated by weight ratios. Curves and lines are added to guide the eye.

of the particles, and a clear distinction is visible between THF:MCH 1:1 and 1:4. The

scattered intensity versus time reveals extreme and exclusively positive fluctuations that

do not appear regularly. This indicates the formation of colloidal clusters that are likely

polydisperse in size. Next, the trends in dynamic light scattering (DLS) are analysed. Since

we did not measure the viscosities of the solvent mixtures used here, the hydrodynamic

radius RH cannot be accurately determined. The viscosities of the pure solvents are ηTHF

= 0.46 mPa·s and ηMCH = 0.73 mPa·s. From the decreased slope between pure THF and

THF:MCH 1:1 (Figure 6.7B), it appears that the viscosity increases at higher concentrations

of MCH. The two highest MCH concentrations yield very low slopes and autocorrelation

functions with more than a single decay, again indicating clustering of the colloids. From

the combined SLS and DLS experiments, it can be concluded that the colloids form clusters

at THF:MCH 1:4 and higher concentrations of MCH. It is conceivable that the colloids do

not cluster by means of specific BTA-BTA interactions as intended by design.

To sensitively probe functionalisation with and accessibility of surface-tethered chiral

BTAs, others used sergeant-and-soldiers experiments.17 In such experiments, the handed-

ness of self-assembled helices of achiral or racemic soldiers is biased by the co-assembly of

R- or S- sergeants. In essence, the obtained CD signal at a characteristic wavelength is more

intense than one would expect for the excess chirality of the monomers. In the case of chiral

monomers, an excess of either the (R) or (S) enantiomer typically leads to an excess of the

associated helical superstructures, and thus a CD signal appears, irrespective of whether

the monomers self-sort into enantiopure superstructures. Such experiments are termed

’Majority Rules’. The azoBTAs studied here – at the molecular level – successfully bias the

helicity of self-assembled supramolecular polymers formed from azoBTA and a racemic
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Figure 6.8 | Marjority-rules with azoBTA and (rac)-alkyl BTA. A) CD spectra obtained for solutions

containing different molar fractions of azoBTA (labelled ‘ee’) with rac-BTA at a total BTA concentration

of 10 µM in cyclohexane. B) CD intensity at λ = 225 nm for solutions containing different molar

fractions of azoBTA (labelled ‘ee’) with rac-BTA at a total BTA concentration of 10 µM in cyclohexane,

normalised by dividing by the CD intensity at ‘ee’ = 1. A line is added to indicate a slope of 1.

mixture of alkyl-BTA, as evidenced by the chiral amplification of the CD signal of these

mixtures in CH (Figure 6.8A). The intensity of the CD signal clearly does not scale linearly

with the concentration azoBTA (Figure 6.8B), indicating that the azoBTA co-assembles with

(rac)-alkyl BTA and biases the helicity. Upon introduction of a small amount of azoBTA

functional Ludox into a solution of racemic alkyl-BTA in CH, the colloids sediment and

cannot be dispersed long enough to obtain a CD spectrum. The sediment appears as small,

orange, needle-like structures, which is significantly different from the paste-like sediment

of solely the functional colloids in MCH. Further attempts to use the sergeants-and-soldiers

experiments as described by De Feijter et al.17 did not result in the expected detection of a

CD signal indicative of BTA assembly.

All things considered, there are several indications that the nanoparticles associate

above a critical concentration MCH. The SLS and DLS results indicate this concentration

lies somewhere between 1:1-1:4 THF:MCH. Sergeants-and-soldiers experiments are not

a suitable technique for determining whether this association is caused by the specific

interactions between surface-tethered azoBTAs, or non-specific solvophobic effects. In

preliminary experiments in 1:9 THF:MCH, photo-isomerisation of the predominantly trans-

azoBTA at the colloidal surface, or heating of the dispersion, also did not yield well-dispersed

nanoparticles. Potentially, the dipoles of the cis-azobenzenes associate in the apolar media

through dipole-dipole and solvophobic interactions. This exact effect has in fact been used

to induce association of gold nanoparticles in alkane solvents37 and azobenzene-functional

silica in cyclohexane38.
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6.3 CONCLUDING REMARKS

In summary, we have shown the successful surface modification of different silica colloids.

The mismatch in refractive indices of the colloids and (M)CH unfortunately results in

significantly strong Van der Waals attractions for µm sized colloids. These are too long-

ranged to be counteracted by steric stabilisation through a C12/C18 coating. Additionally,

we hypothesise that repulsive surface interactions are also present – possibly originating

from ionised groups in the silica matrix – which are long-ranged interactions in such apolar

solvents. Functionalised nanoparticles likely cluster through azoBTA-azoBTA interactions

in selective solvents. The cues that should dissociate the colloids according to the design

– UV irradiation and increased temperature – do not yield well-dispersed nanoparticles

in 1:9 THF:MCH. Possibly solvophobic interactions are too strong to obtain the expected

thermal behaviour. It is likely that the photo-isomerisation of the azobenzenes results in

colloids interacting through solvophobic and dipole-dipole interactions instead of BTA-BTA

assembly after UV irradiation, preventing them from dispersing.

Some of the issues encountered in this study share as a common cause that the particles

are rather large, which was part of the accepted challenge from the outset of this project. The

size of the colloids generates issues with the mobility of the colloids, and thus studying their

dynamic behaviour. The microparticles sediment quickly after the preparation of a sample

for optical microscopy, after which they hardly exhibit Brownian motion. Additionally, as

the size of the functional groups – i.e. the C11NH2 spacer plus azoBTA – is not significant

compared to the size of the colloids, aberrations from a smooth, perfect sphere of the

colloid cannot be corrected by the organic layer and could significantly hinder formation of

highly ordered structures.10, 39 Furthermore, as the strength of the Van der Waals attraction

scales linearly with particle radius, the slight mismatch between the refractive indices

reported for the stearyl-silica in cyclohexane results in a significantly strong attraction

at short separation, which is not adequately rendered inaccessible by the short stearyl

chains protruding from the surface. A potential candidate for use in steric stabilisation of

silica microparticles is polydimethysiloxane (PDMS). It is commercially available in various

molecular weights and terminal functionalities, and it is compatible with both ethanol and

(M)CH.

The material of the colloids studied here is somewhat limiting the experiments. The

high density compared to that of (M)CH causes fast sedimentation of the µm sized colloids

rendering studying of the dynamics unrealistic with optical microscopy and light scatter-

ing techniques. The residual refractive index mismatch between colloid and dispersion

medium creates issues for benchmarking the interactions between the colloids. By eye,

a difference in aggregation (from bulk dispersion) can be observed between purely C12-

coated µm sized colloids and azoBTA-functionalised colloids in (M)CH, but experiments

are problematic to perform in a reliable and reproducible manner. In bulk dispersion in
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(M)CH the azoBTA-functionalised microparticles appear to cluster faster – and in string-like

aggregates – compared to the purely C12-coated microparticles. Silica does provide a large

library of available shapes for the colloids40–42, but considering the issues listed in the

above, the use of silica for such large colloids should be carefully considered in further

studies.

Another important aspect we underestimated is the significance of polarisable groups

in apolar media such as (M)CH. Likely, the long-ranged repulsive double layer interactions

observed for silica microparticles originate from polarised or ionised groups in the (organic-

)silica matrix. With no charges or (inducible) dipoles in the dispersion medium, such

interactions are long-ranged. The selected functional moieties – the azoBTA – are limited to

use in apolar media for efficient hydrogen bonding, thus changing the dispersion medium

for one with a significant dipole that can slightly shield these interactions is not a viable

solution. Azobenzenes still carry much potential to be used in light-responsive colloidal

assembly, as is summarised in Chapter 5, but inclusion as a switch into molecules with

directional interactions has so far met with limited success.

The (change in) interactions between the colloids (resulting from the photo-isome-

risation of the tethered azoBTA) can be determined experimentally to obtain a more de-

tailed understanding of the interactions at play in this particular design. The absence

of Brownian motion due to the large difference in densities between microparticle and

medium renders the typically used optical tweezer method inapplicable. Yet, colloidal

probe AFM measurements in a liquid cell are a viable method, though laborious. In short,

a C12/C18/azoBTA functional microparticle can be attached to a AFM cantilever, and the

forces acting on the cantilever upon approach and retraction of the colloidal probe to a

sedimented C12/C18/azoBTA functional colloid in CH can be analysed.

6.4 METHODS

PFazoBTA was synthesised and characterised by dr. J.A. Berrocal. TEM imaging of Ludox TMA is

performed by D. Atkins, and the size analysis was performed by dr. M. Vis and K. Brouwer. The

synthesis and size analysis of the fluorescent silica particles was performed by dr. J.R. Magaña

Rodriguez.

6.4.1 Synthesis of PFazoBTA

Briefly, (E)-4,4’-(diazene-1,2-diyl)diphenol was statistically asymmetrically substituted with two differ-

ent protective termini; a tert-butyl group and a methyl ester. The Boc-protective group was removed,

and the resulting amine was coupled with a di-substituted chiral BTA by transforming the benzoic

acid into an acyl chloride derivative under oxygen- and water-free atmosphere with Ghosez reagent.

The methyl ester was converted into an acid, and subsequently reacted with pentafluorophenyl

trifluoroacetate in dry DMF under basic conditions to obtain the final product. The intermediates
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and final product were characterised with 1H and 13C NMR, UVvis, FT-IR and MALDI-ToF-MS. A

detailed synthetic protocol will be published elsewhere.

6.4.2 Modification of nanoparticles with C12

Commercial Ludox® TMA is used to synthesise hydrophobised nanoparticles. Under magnetic

stirring, 5 ml Ludox® TMA is slowly added to 100 ml ethanol, followed by the slow addition of 5

ml 25% (aq) ammonia. The reactant (1335 µl dodecyltriethoxysilane) in 2 ml ethanol was added

drop-wise. After 5 hrs, 760 µl dodecyltriethoxysilane in 2 ml ethanol is added dropwise, and after

another 70 hrs the colloids were collected by centrifugation (2000 g, 10 mins) and washed 2× with

ethanol (2000 g, 10 mins), 1× with 5:1 etOH:CHCl3 (2000 g, 1 hr), 1× with 1:1 etOH:CHCl (2000 g,

15 hrs), 1× with 1:1 CH:CHCl3 (2000 g, 22 hrs), and finally 3× with CH (2000 g, 24 hrs). From 1:1

CH:CHCl3 onwards, a successful modification yields a transparent pellet after centrifugation steps.

6.4.3 Modification of nanoparticles with C18

Commercial Ludox® TMA is used to synthesise hydrophobised nanoparticles. Under magnetic

stirring, 4 ml Ludox® TMA is slowly added to 40 ml ethanol, followed by the slow addition of 4 ml 25%

(aq) ammonia. The reactant (1495 µl dodecyltriethoxysilane) in 2 ml ethanol was added drop-wise.

After 120 hrs the colloids were collected by centrifugation (2000 g, 10 mins) and washed 2× with

ethanol (2000 g, 10 mins), 1× with 3:1 etOH:CHCl3 (2000 g, 10 mins), 1× with 1:1 etOH:CHCl (2000

g, 10 mins), 1× with CHCl3 (2000 g, 10 mins), 1× with 1:1 CH:CHCl3 (2000 g, 22 hrs), and finally 3×
with CH (2000 g, 24 hrs). From 1:1 CH:CHCl3 onwards, a successful modification yields a transparent

pellet after centrifugation steps.

6.4.4 Modification of nanoparticles with C12 and azoBTA

Commercial Ludox® TMA is used to synthesise azoBTA-functional nanoparticles. Under magnetic

stirring, 5 ml Ludox® TMA is slowly added to 50 ml ethanol, followed by the slow addition of 5 ml 25%

(aq) ammonia. The reactants (1335 µl dodecyltriethoxysilane and 145 µl 11-undecyltriethoxysilane)

in 15 ml ethanol were added drop-wise. After 72 hrs the colloids were collected by centrifugation

(2000 g, 10 mins) and washed 3× with 3:1 etOH:CHCl3 (2000 g, 10 mins), 1× with 1:1 etOH:CHCl3
(2000 g, 20 mins), and finally 1× with CHCl3 (2000 g, 16 hrs)

After drying, 0.0535 g of the modified nanoparticles was dispersed in 1 ml dry THF by sonication.

A small amount of triethylamine (0.5 µl) was added. PFazoBTA (11.1 mg, 11.4 µmol) was dissolved

in 1.5 ml dry THF and added to the colloidal dispersion. After 20 hrs the colloids were collected by

centrifugation (2000 g, 4 hrs) and washed 5× in THF. The difference in colour between the pellet and

supernatant – with the pellet being yellow and the supernatant being colourless – is an indication of

successful modification.
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6.4.5 Synthesis of fluorescent silica microparticles

Fluorescent precursor was prepared by reacting 150 µl of NHS-ester Cy5 (100 mM in DMSO) with

0.1 ml APTES (3-aminopropyl triethoxysilane) in 1 ml ethanol during 12 hrs at room temperature.

Of this fluorescent precursor, 0.5 ml was added to an ammonia in ethanol solution (65 ml ethanol +

6.75 ml milli-Q water + 8 ml ammonia 25% (aq) + 0.017 g KCl) in a 100 ml round bottom flask under

stirring (250 rpm). A solution consisting of 33 ml technical grade ethanol and 2 ml TEOS (tetraethyl

orthosilicate) was added drop-wise (0.2 ml·min−1 using a syringe pump). The dispersion was allowed

to react overnight. The silica microspheres were washed with ethanol to remove unreacted dye and

ammonia, followed by dispersion in 15 ml ethanol. The obtained colloids have a diameter of dSEM =

1.37 ± 0.07 µm.

6.4.6 Modification of fluorescent silica microparticles with C12

For a typical hydrophobisation, 2 ml of the stock dispersion in ethanol was diluted in 15 ml ethanol

and sonicated for 10 mins to properly disperse the silica colloids. The dispersion was introduced into

a round bottom flask, after which 1.5 ml distilled water was slowly added under continuous magnetic

stirring, followed by the drop-wise addition of 1.5 ml 25% (aq) ammonia. Dodecyltriethoxysilane

(13 µl) in 3 ml ethanol is added dropwise, and the reaction was allowed to proceed for 70 hrs under

ambient atmosphere, at room temperature and under continuous magnetic stirring. The colloids

were collected by sedimentation (2000 g, 3 mins) and washed 7× with chloroform and 2× with THF,

to be finally dispersed in CH (2×, 2000g, 10 mins).

6.4.7 Sample preparation

Samples for (confocal) microscopy were prepared by applying 20 µl of an appropriate dilution of

the colloids onto a modified coverslip (vide infra). Quickly, a glass slide with a perforated spacer is

pressed onto the coverslip with the sample. The samples are prepared ‘upside down’ with respect

to conventional methods because the sedimentation of the silica colloids over the sample thickness

is significant compared to the time-scale of sample preparation and will affect the concentration of

particles in the sampling volume.

Coverslips were cleaned by base piranha etching for 2 hrs, followed by covalent modification of

the activated surface trough immersion in 5% vol/vol dodecyltriethoxysilane in ethanol for 70 hrs.

The coverslips were pre-soaked in CH before sample preparation.

Samples for UVvis were prepared by diluting azoBTA-functional Ludox in THF until the absorption

peaks at λ = 365 nm and λ = 450 nm fell within a range of intensities that could be accurately and

reliably measured.

Samples for light scattering experiments were prepared by adding an appropriate weight of THF

and/or MCH to a small aliquot of a concentrated dispersion of azoBTA-functionalised Ludox in THF.

The weight concentration of the initial dispersion – and thus colloids – was kept constant between

samples. Dispersions were vortexed prior to measurements.

Samples for CD spectroscopy were prepared by mixing 10µM stock solutions of (rac)-tricitronellyl-

BTA and azoBTA in CH in various ratios by weight to obtain the different enantiomeric excesses. The
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resulting solutions were equilibrated at 70 °C for 1 hr and subsequently slowly cooled to room

temperature to facilitate mixing of the different types of BTAs present.

6.4.8 Instrumentation

LED light sources used for irradiation experiments are Thorlabs M365LP1-C5 and M455L3-C5. The

LED settings for irradiation are reported in the main text and figures, irradiation occurred on the

bench top at room temperature, with approximately 15 cm distance between the sample and the LED.

Confocal laser scanning microscopy (CLSM) and brightfield optical microscopy were performed

on a Leica TCS SP8 CLSM equipped with a 12 kHz resonant scanner, a 638 nm solid state laser,

PLAN APO objective (glycerine immersion, 63×, NA = 1.30) with a MIPOS 500 Piezo focus element,

a HyD detector, and a Leica DFC7000 T camera. SEM was performed on a PhenomPro X. UVvis

spectra were recorded on a Shimadzu UV-2700 spectrometer, between 500-300 nm with a sampling

interval of 0.5 nm. The wavelength was changed ‘fast’. CD spectra were recorded on a Jasco J815

spectrometer, fitted with a PTC-423s/5 Peltier cell holder. A sealable quartz cell was used. The spectra

were recorded continuously between 550-210 nm at every 0.5 nm, with a sensitivity of 100 mdeg, at

100 nm·min−1. The integration time was set to 0.25s and the average of two accumulations is reported.

Light scattering experiments were performed on an ALV/CGS-3 Compact Goniometer equipped

with a 532 nm laser and ALV-LSE5004 digital correlator. The temperature was controlled with an

external Julabo water bath. Refractometry was performed on a Bellingham Stanly Ltd. abbe60/ED

refractometer, the temperature was kept at T = 20 °C with a Thermo NESLAB cooler.
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SUMMARY

Responsive supramolecular self-assembly across length scales

Supramolecular chemistry offers a broad palette of handles to fine-tune the hierarchical

nanostructure and associated properties of materials through the strong dependence of

the configuration of supramolecular assemblies on external variables and exact chemical

structure of the monomers. The reversibility, tuneability and responsiveness of the non-

covalent bonds make supramolecular interactions a powerful tool to produce customised

materials for specific applications. The non-covalent character of the bonds that govern

(part of) the material properties yield materials that can be reversibly tuned by application

of external cues such as increased temperature, pH, salt concentration or irradiation,

depending on the molecular design of the monomers. In this dissertation the self-assembly

of two different responsive benzene-1,3,5-tricarboxamide (BTA) derivatives is investigated.

These supramolecular moieties interact through a combination of hydrogen bonds and

solvophobic interactions.

A hydrophilic BTA moiety – substituted with ethylene oxide, lysine and azobenzene – is

investigated. This moiety forms long and thin fibres in aqueous solvents. Through variation

of the temperature the fine architecture within the fibres is altered, but the monomers

do not dissolve as monomeric species under the applied conditions. The pH is varied to

investigate the effects of net positive or negative charge in the periphery by (de)protonation

of the lysine. It is found that the lack of local charge compensation at high or low pH either

destabilises the fibres or alters their internal architecture. This is partially negated by the

addition of salt to screen the net charges. Photo-isomerisation of the strongly interacting

azobenzenes is possible, as evidenced by UVvis spectroscopy and HPLC, but also does not

entirely depolymerise the fibres. The moieties strongly attract one another, causing a very

slow equilibration, and preventing molecular dissolution. The slow thermal relaxation of

the azobenzenes renders it a reliable photo-switch.

Furthermore, we investigated a supramolecular moiety that is designed to form 1D

fibres in apolar solvents – and comprises an azobenzene photo-switch – through a compre-

hensive battery of techniques. The moieties form fibres of several µm’s long, as confirmed
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by SAXS, iPAINT, and AFM. Specifically, SAXS and AFM divulge a sub-micrometre architec-

ture consisting of a core-corona structure within the fibres. Through CD spectroscopy the

existence of superstructures is revealed – the stereogenic centres present in the monomers

drive the formation of helical assemblies of a specific handedness. From CD spectroscopy

also the thermal response of the fibres is elucidated: at the nanometre length scale the fine

architecture of the fibres is altered by temperature variations. Variations in water content

of the alkane solvent have subtle but significant effects on both the fine architecture of the

fibres, as well as on the melting and elongation temperature of the assemblies. Through

Molecular Dynamics simulations the most probable architecture within the fibres is found

to be a left-handed helical stack of BTAs, surrounded by a double helix of azobenzenes with

opposite helicity to the BTA core. Additionally, the monomers’ and fibres’ response to irra-

diation with (UV) light is investigated. The photo-isomerisation of the monomeric moieties

is reversible without apparent fatigue for at least 20 cycles, as probed by UVvis. In the as-

sembled state, the azobenzenes are addressable with UV light and the photo-isomerisation

disrupts the supramolecular fibres as present in equilibrium. A combination of UVvis

and CD spectroscopy shows that also in the assembled state the photo-isomerisation is

reversible, as is the self-assembly. The fibres spontaneously restore upon thermal relaxation

or irradiation-driven isomerisation of the azobenzenes to their thermally most favourable

isomer.

The functional element of these monomers – that is, the BTA with the azobenzene

– is tethered to the surface of dodecyl-coated silica particles through a robust two-step

modification protocol. These colloidal particles are subsequently dispersed in methylcyclo-

hexane (MCH). For the micron-sized colloids studied, it is found that the layer comprised of

dodecyl is not of sufficient thickness to counteract the significant Van der Waals attractions

between the colloidal particles. In contrast, dodecyl-coated silica nanoparticles are stable

in alkane solvents. The functionalised nanoparticles in chloroform – where the BTAs do

not associate – show reversible photo-switching behaviour similar to the free monomers.

Light scattering experiments provide insight on the assembly behaviour of these functional

nanoparticles. Upon decreasing the polarity of the solvent from tetrahydrofuran to MCH,

an increase in scattering intensity indicates colloidal aggregation.
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absolutely amazing), Neus (I still remember all the frustrating hours at the Flux confocal),

Lisa, Marleen, Mariam, Manoj, Adam, Anneloes, Berta, Phil, Sanam, Maja, Sheen (where

would the cereslab have been without you), and of course the people from the animation

studio.

A big thank you to the strangers of the internet for all your help with MatLab and LATEX,

to my partners-in-climb for the many fun hours spent in Monk and Fontaine Bleau, and to

my conference/holiday partners for the awesome trips we’ve been on. Thank you to Douwe

and Jan for being there when I needed you. And shout-out to all my festibuddies, I still

haven’t fully recovered from that theatre performance, nor from a place to bury strangers..

When are we going again?

Max & Suus bedankt voor alle festivals, decadente tripjes, en het beste concert ever.

Thanks for listening, supporting me, kicking me in the butt whenever I needed you to, and

the care package. Thanks for being you. HJ, cheesefondue and waffles for life, nomnom-

nom.

Japie & Daphne, Bren en San, wat is er ongemerkt een hoop veranderd. Van ruzieën over

het blauwe bakje, naar hele discussies over de pro’s en cons van een was-droogcombinatie.

Jullie zijn best oké opgedroogd. Ik ben trots op jullie.

Pap en mam, bedankt voor jullie steun en het vertrouwen dat alles wel op z’n pootjes

terecht zou komen, vooral toen ik dat zelf niet meer zo zag. Bedankt voor het loslaten toen

jullie dingen ook wel spannend vonden. Bedankt voor het vertrouwen in mijn keuzes, en

dat het de goeie zijn. Meestal.. Bedankt voor alles, altijd.

So long, and thanks for all the fish,

Marieke

107



Acknowledgements

108


