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Introduction

“Nature uses only the longest threads to weave her patterns, so each small piece

of her fabric reveals the organization of the entire tapestry.”

- Richard Feynman

Complexity

During meteorological simulations Edward Lorenz discovered what later
on would be referred to as the butterfly effect.[2, 3] Small rounding vari-
ations in the starting parameters of otherwise identical simulations caused
meteorological simulations to diverge at a certain point in time. In his re-
latively simple simulation containing only 12 equations, the small differ-
ence in starting values caused the system of non-linear equation to display
largely varying results after only a short time. Here the combination of
complexity and a continuously dynamic system create a situation where
it makes it very difficult to predict weather patterns on a long term. Vari-
ations in the results can be due to the systems non-linear response to inac-
curacies in the input or due to the inaccuracies in the model. For meteor-
ology, the time-scale on which this deviation emerges depends directly
on the accuracy of the input data and the correctness of the model. In the
case of meteorology, weather prediction accuracy has benefited enorm-

ously from the increase in wide-spread technologies collecting live data



INTRODUCTION

such as satellites. However, this example illustrates a more fundamental
challenge of disentangling the effects of complexity from the underlying
physics of a complex system. It is thus not surprising that this field of
study is often referred to as ‘chaos theory".

Although not always visibly apparent, complexity (or chaos) is generic
and can be found throughout nature and the living world. A graphic ex-
ample is found in the intricate structures found in spider-webs, of which
no two are the same. Although a spider-web can be thought of as a static
structure its response to mechanic stimuli depends on the complex con-
nections within the web.[4, 5, 6] Although a million randomly generated
spider-webs might have similar properties overall, this strength is a sum
of all the complex mechanical interactions within the web. If stress is ap-
plied to a web and a single strand breaks this influences the distribution
of stresses across the remaining strands. This very non-linear feedback
can result in critical failure of the whole structure as a result of the failure
of one of its components. Although of no consequence to the survival of
spiders, the identification of such a fatal cascade could lead to prevention

in the design of a new web.

Another example of complexity can be found in the swarming of ani-
mals.[7, 8, 9] There are numerous reasons for lifeforms to swarm, some
are generic such as the increased perceptive capabilities of a group in de-
tecting and deterring predators and others are unique to a class of animals
such as the reduced hydrodynamic drag of a school of fish.[10] Swarming
is behavior that emerges from the interactions between many individuals
in the absence of a central coordination and guided by few simple rules.
Few simple rules, obeyed by many individuals in a group, can lead to the

emergence of dynamical patterns that are vastly diverse and complex.

A more conceptual example of complexity and emergence are cellular
automata. [11] These models which attempt to create self-replicating sys-
tems from fixed rules also display large variation in structure and dynam-

ics and are very sensitive to the initial conditions. The human herd being



no exception to this behaviour, these types of models are being actively
used to improve the flow of people in train-stations and could be used to
prevent people from trampling each-other in case of an emergency when
large congregations flock together.[12, 13] Although a human might in-
stinctively seem more complex than the blowing of the wind, the variation
in both is boundless.

Finally, a more modern example of actively dynamic complexity are so
called twitterstorms. Although mostly void of content the mechanism of
tweeting and re-tweeting show complex dynamics. A single well-placed
tweet can be picked up by several followed by a cascade of responses
reaching millions of users where others just linger in obscurity. Some-
thing which is especially of interest to publicity agencies and politicians
and has real world consequences. There are companies such as tweet-
map dedicated to analyzing twitter responses and advise how to reach the
largest amount of people with your future tweets. In the past years it has
become clear that controlling the emergence of these patterns can have
serious implications for politics. Understanding complexity and finding

handles to control it are thus of relevance in a wide variety of scenarios.

Complex fluids

The wide variety of real-world examples given above seem to have little
more in common than complexity in itself. However, there are worlds
hidden beyond the scope of the human eye which we have not mentioned.
Other worlds whose threads indeed seem to be organized similarly. At
these much smaller length-scales, where we find the molecular world,
complexity is also present. Before Pierre-Gilles de Gennes introduced the
term Soft Matter in his 1991 Nobel laureate speech, the study of complex-
ity in the molecular world was often referred to as the study of complex
fluids.[14] Covering subjects such as colloids, gels, foams, polymers and

biological systems this field focuses on systems which are neither liquid
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nor solid. In these semi-solid, semi-liquid materials all pre-requirements
to find complexity are met: i) many identical molecules interact in many
unpredictable ways and ii) thermal motion creates continuous agitation

to randomize these interactions.

Despite being seemingly unalike, these soft materials share similarit-
ies with animal swarms (or any of the other examples given above): their
structures are often self-organized and their properties emerge from the
many interactions between many individuals. Although the emergent be-
haviour of complex fluids is easily accessible as it manifests at the mac-
roscopic scale, understanding where this originates is challenging as it
occurs on length scales not accessible by the human eye. Although the
threads woven by birds are easily accessible, those on nanometer length-
scales can seemingly hide their patterns because we literally cannot see

them.

Just as complexity can be of consequence to an outcome when val-
ues are not known exactly it can hide physical relations like a prover-
bial needle in a haystack. While the study of swarms of animals can be
challenging and requiring several measurements to obtain adequate stat-
istics there is direct visual access to the length-scale of a bird. Whereas
the individual components of a complex fluid can be on the nanometer
scale, meaning it can be easy to capture many different interactions but
the resolution to differentiate between the individual components can be
challenging. This could be compared to the study of swarms of animals
through a telescope from the moon. And even then it is clear, a flock of
albatrosses would be much easier to analyze than a swarm of humming-
birds. Although scientists at this molecular scale often succeed in isolat-
ing and studying what is equivalent to a single 'frozen hummingbird’ and
study it in high detail this does not necessarily reveal anything about the

interactions between many individuals and how this leads to emergence.

A central challenge in the field of soft materials is to bridge the length

scales; How does the complex behavior we can observe macroscopically
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Figure 1.1: Schematic overview of the different length-scales directly and in-
directly accessible within soft matter and examples covering this range.

originate from complexity at a scale many orders-of-magnitude smaller?
The smallest length-scales of soft-matter systems can range from the mo-
lecular scale (several nanometers), e.g. when dealing with lipid bilayers
or complex coacervates, to several micrometers, when studying tissues
made of cells or in the pursuit of colloidal suspensions, to much larger
in the field of granular materials. In Figurel.1 an overview of these dif-
ferent length-scales are shown ranging from singular atoms to individual
cats and giving an idea of experimental techniques that can access these

scales.

Of particular interest are methods that can reveal the interactions and
behavior between individual molecules in large groups. Strong advances
have been made in the past decades. However, much remains to be desired
nonetheless. Some methods, e.g. scattering, can access even the smallest
scales, but often yield only information about averages, and thus leave
the role of the individual more elusive. Other methods, e.g. those that
probe single molecules, either optically or mechanically, e.g. using Atomic
Force Microscopy or Optical Tweezers, perform best when removing the
individual from their natural habitat and probe its behavior in isolation.
While both approaches have resulted in substantial advances in the field,

it remains a major challenge how to probe the behavior of individual mo-
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Figure 1.2: Images of BODIPY-HaloTag in COS7 cells expressing HaloTag in
(a-c) the cytosol in different conditions with their corresponding fluorescence
lifetime distribution histograms representing a heterogeneous viscosity distri-
bution.Adapted from [15], copyright 2018, with permission from Elsevier.

lecules within their natural group-habitat.

Molecular sensors, molecules that report on their behavior or sur-
roundings from within, often by sending out an optical signal, can offer
a solution to this knowledge gap. The majority of this thesis has been
geared to the design and study of molecular sensors to understand com-
plex mechanics in soft materials. The central challenge here is to illumin-
ate the stresses- and strains experienced by individual molecules, and to
illuminate their spatial distribution, in order to understand how and why
soft materials at the macroscopic scale respond to mechanical stress in

the way they do.

Small-molecule mechanosensors

In recent years, large advances have been made in the development of
small molecule mechanosensors, molecules which couple the change in
their optical properties in response to a mechanical signal. This has now
become a central effort in the field of mechanochemistry. A wide variety
of operational mechanisms exist to create a mechano-optical coupling in
small molecules, some of which we will briefly introduce here.

One versatile approach to elicit a change in optical signal induced by



mechanical phenomena at the molecular scale is the use of intramolecular
charge transfer induced by the creation of a twisted molecular geometry.
Molecules that utilize this effect are often referred to as molecular ro-
tors. Molecular rotors are molecules which feature a donor and acceptor
moiety within the same molecule. The transfer of excited state energy
from donor to acceptor relies on molecule undergoing an intramolecular
rotation to a twisted state. If the molecule is mechanically-hindered to
undergo this rotation, the donor will emit. If the molecule is free to ro-
tate, and thus not mechanically hindered, charge transfer can occur, often
resulting in a 'dark’ state which does not emit but decays its excited state
non-radiatively. This results in molecules whose emission brightness, and
fluorescence lifetime, depends on the mechanical properties of their sur-
roundings. Molecular rotors have been shown capable of measuring vis-
cosity, free volume and even temperature, at the molecular scale.[16, 17,
18, 19] In figure1.2, an example is given of a bodipy molecular rotor intro-
duced in cells to function as a local probe of viscosity. The probes reveal
spatial inhomogeneities in the local mechanics that could not be easily

revealed by other means.

A second class of small-molecule mechanosensors are so-called mechan-
ophores. These are molecules in which mechanical stress leads to the rup-
ture of a weak scissile bond that changes the chemistry of the molecule,
and often leads to a change in optical properties for detection purposes. A
widely used example of this is spiropyran, this heterocyclic molecule con-
tains a central spiro bond, that is mechanically weak. The application of
mechanical stress to this bond, leads to its rupture and induces an isomer-
isation into merocyanine, as shown in figurel.3a. This results not only
in a structural rearrangement from a torqued to a planar conformation
but this is accompanied by a change in its conjugation. In the spiropyran
form, conjugation between the rings is blocked. Breaking of the C-O spiro
bond upon mechanical stimulation creates and extended 7-conjugation

that spans the entire molecule. This conjugation switching leads to both
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Figure 1.3: Schematic representation of the mechanical activation of a)
spiropyran, adapted with permission from [20], copyright 2017, American
Chemical Society. b) dioxetane, adapted with permission from [21], copyright
2017, American Chemical Society.

spectral and intensity shifts in the absorption and emission spectra of the
probe. This mechano-optical coupling has been exploited in the force-
induced activation of spiropyran by both stretching and compression of a
bulk polymer material. [22, 23, 20, 24] Other well studied mechanophores
are dioxetanes, which utilize the rupture of a non-reversible central bond
of the dioxetane ring into an excited ketone group. This mechanically-
generated excited state relaxes by emission of a single photon. Contrary
to spiropyran, which allows for continuous absorption and emission in
both states, the activation process in a dioxetane only produces photons
at the moment of bond rupture. Additionally, the light which is emitted is
in the UV-range which makes detection difficult and often requires pres-
ence of additional chromophores which absorb this light en re-emit in a
more favorable spectral range. This makes it very versatile but also intro-
duces issues with additional loss of light due to quantum yield limitations
and other losses in the energy transfer to the acceptor. Nevertheless, it
has successfully been shown that dioxetane carrying polymers in materi-

als can be activated by bulk deformation to identify the loci of molecular



damage. [25, 26, 27]

A third example borrows aspects from both of the previous mechano-
sensors. The Diels-Alder adduct between a conjugated diene and a sub-
stituted alkene leads to an overall reduction in conjugation. For example,
the reaction of anthracene and malemide leads to a Diels-Alder adduct
wherein the conjugation of the central benzene-ring in the anthracene is
broken, which results in changes in its spectral properties and a loss of
fluorescence. Upon mechanical stimulation the Diels-Alder bond can be
broken leading to restoration of the conjugated structure of the anthra-
cene. Similar to the spiropyran this can be continuously monitored via
absorption and fluorescence emission, the scission however is irrevers-
ible. This has been used successfully to show local mechanical stresses in

materials. [28]

A last main class of mechanosensors that uses small molecules to real-
ize a mechano-optical coupling makes use of the interactions between a
fluorescent donor and acceptor pair. Upon optical excitation of a donor,
bringing it to an excited state, it can, depending on its spatial separa-
tion with the acceptor, transfer its excited state energy which leads to
an increase of acceptor fluorescence emission that can be optically de-
tected, e.g. through the Forster mechanism. This enables the measure-
ment of distances in the molecular realm. Such donor-acceptor-based
molecular sensors are common-ground in biophysics, and to a lesser de-
gree in material science, and have been used to study a wide variety of
molecular phenomena. An example of how this can be used in mechano-
sensing is found in DNA nanotechnology. A DNA hairpin, depending on
its base pair design, features a unique critical force at which the hair-
pin unfolds and extends. By placing a donor-acceptor pair at each end
of the hairpin, the energy transfer efficiency shows a binary jump from
high (hairpin intact) to low (hairpin unfolded) once a critical force on
the molecule is exceeded. This approach forms the basis of DNA-based

FRET tension probe, which are used in a variety of mechanical problems
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in biology.[29, 30]

The use of small-molecule mechanosensors offers a wide array of op-
portunities for probing mechanics in soft and complex materials at the
smallest scales. But their use comes with several disadvantages. In most
cases, the mechano-optical response of these small molecules is binary,
responding in a on/off fashion upon exceeding a critical force at the mo-
lecular scale. This makes their use in quantitative mapping of mechan-
ical stresses limited. Moreover, the force range at which they function
is often, with the exception of the DNA tension probe system, encoded
by the stability of the chemical bonds in their design, and not tunable
over a wide range of forces. Those mechanoprobes that function on the
basis of the rupture of a scissile bond, such as dioxetanes or diels-alder
adducts of anthracene [25, 26, 28], are irreversible and can thus not be
used to probe how forces relax over time. Finally, these small molecules
are often prone to photo-oxidation, which makes performing prolonged

experiments challenging.

Macromolecular sensors

More recently, macromolecular mechanosensors that counter the disad-
vantages of the small-molecule mechanophores described above, have be-
come a topic of study. One promising approach to measure forces at the
molecular scale uses energy transfer between donor(s) and acceptor(s) em-
bedded within a single polymer chain. For example to study the folding
of labelled proteins or to look at polymer conformations.[31, 32, 33] Al-
though here the chromophores are being used to study macro-molecules
internally, their functionalities can also be combined. For example by us-
ing a donor and acceptor connected by a peptide linker which requires
force to extend. By measuring the energy transfer as a function of the ex-
tension using an AFM setup, a force response calibration can be created

for the energy tranfer. [29] This enables the user to not only probe dis-



tance but to translate it to a force, which in turn can be used to measure

forces in a specific environment by introducing the macro-molecule.

A macro-molecular sensor can be comprised of an existing macro-
molecule modified to carry small molecular dyes, but can also be designed
de-novo from conjugated polymers where the entire macromolecule is
an optically-active mechanosensor. A conjugated polymer, in contrast to
for example polystyrene, does not only contain conjugated groups but
the conjugation is connected throughout the backbone of its chain. The
mechano-sensitivity of the optical features of these polymers derives from
the fact that their absorption and emission depends strongly on the spa-
tial conformation of the semiconducting chain. For sufficiently flexible
chains, the chain acts as an entropic spring, which features a distinct coup-
ling between applied mechanical stress and spatial conformation. This
results in a mechano-optical coupling that can be exploited for grey-scale

stress sensing.

For example, the semiconducting homopolymer polyfluorene features
a vibronic fine-structure in its fluorescence emission. The ratios of these
vibronic peaks is known to be sensitive to the conformation of the poly-
mer, and hence to mechanical stress. This has e.g. been used to detect the
stretching forces involved in the encapsulation of such a polymer chain
in a protein capsid, as illustrated in Figure 1.4. In this experiment[34], a
watersoluble carboxylated polyfluorene functions as a template for the as-
sembly of a the recombinant protein that forms a virus-mimicking capsid.
The proteins complex to the semiconducting polymer, and create a crowded
corona that forces the semiconducting polymer into a stretched conform-
ation, which features a distinct spectral fingerprint. This enabled Cingil
et al. to monitor the complexation process in real-time with a high resol-
ution. The opto-mechanical coupling in these macromolecules thus en-

abled to study of a mechanical process at the molecular scale.

The mechano-optical coupling exploited above in homopolymers can

be tailored and amplified by the introduction of acceptor-monomers in
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Figure 1.4: Schematic showing the conformational dependent fluorescence
properties of polyfluorene used to monitor protein capsid assembly dynamics.
Reprinted with permission from [34], copyright 2015, American Chemical Soci-
ety.

the main chain of these semicoducting chains. Conjugated polymers such
as polyfluorene are able to maintain Forster resonance energy transfer
(FRET) [35, 36] between donor and acceptor chromophores which are
part of the same 7-extended system in a single chain, in addition to the
possibility of excitonic transfer along the conjugated backbone. This res-
ults in a conformation-dependent optical response that is amplified with

respect to the vibronic-based sensorics described above.

This approach has been successfully exploited to study electrostatic



co-assembly between an acceptor doped conjugated polymer sensor with
diblock copolymer([37]. Additionally these types of molecules have been
shown to be able to probe sub-picoNewton forces with high resolution.
[38] These examples show that conjugated polymers do not just have ap-
plications in solar-panels but are a relevant and useful tool in probing
small length-scale mechanics. Additionally because they are sensitive to
conformational changes of the polymer the force range and length-scale
they probe can be directly tuned by the physical properties of the back-
bone and their chemical nature. For example, the spring constant of an
entropic spring, setting the force range at which conformational changes,
and the associated optical response, occur is dependent on the length
of the chains, which can be in part controlled during their preparation.
Moreover, because chain conformations change continuously upon ap-
plication of increasing forces these sensors exhibit a gray-scale response
that is fully reversible. By contrast to many of their small-molecule coun-
terparts, these macromolecular sensors thus enable not only the detection
of a stress, but the quantification of the stress and its dynamical nature.
Also these macromolecular sensors exhibit several drawbacks in their
use. Their polymeric nature amplifies chemical incompatibility with their
intended host matrix, often leading to problems of aggregation or chain
collapse which reduces their functionality. Moreover, due to the prepara-
tion route followed, they are often polydisperse which reduces the fidelity

with which forces can be made quantitative.

This thesis

It is clear that the two main classes of molecular mechanosensors, those
based on small molecules and those that rely on the entropic conforma-
tions of macromolecules, both have their advantages and disadvantages,
as summarized in Figure1.5. To date, these two approaches have remained
isolated fields of study. In this thesis, we investigate the opportunities that
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Class

Strength

Weakness

Small molecule

* Compatibility

* High force (100-1000pN)
» Well defined

* Compatibility with matrix

* Irreversible
* Binary signal
* Photostability

Macromolecule

* Greyscale readout

* Low force (0.1-10pN)
* Reversible

* Photostability

* Polydispersity

* Entropic signal broadening
* Solubility

» Compatibility with matrix

« Larger length scales

* Tunable - force range (length,
doping degree, dopant-type)

* Tunable - spectral range

Figure 1.5: Strengths and weaknesses of small molecule and macromolecular
Sensors.

emerges when combining aspects of both worlds into a single molecular
sensor. We explore how the combinations of optically-responsive macro-
molecules, with mechano-active small molecules as main-chain dopants,
can lead to new and/or improved mechanosensory capabilities, with the
ultimate aim to use these to shed light on the emergence of complex mech-
anics in soft materials.

In this thesis we aim to develop new tools to probe local mechanics
& confinement effects at the nanoscale to explore mechanical emergence
in soft materials.

Although each experimental situation asks for different qualities in a
sensor this table provides some insight into possible advantages of com-
bining these two classes of sensors. The ability to sense complementary
force-ranges and different length-scales in parallel while combining gray-
scale and binary response would be a substantial improvement to cur-
rent sensing capabilities. By incorporating the conjugated structure of the

small molecule into the backbone of the conjugated polymer the relative



photo-stability of the former would improve. However not all weaknesses
are negated by the combination of the two. Especially the weaknesses of
conjugated polymers need to be addressed since their polymeric nature
magnifies properties, such as solubility and compatibility with their in-
tended host matrix, to a degree where small molecules have little effect.
This presents us with several very specific challenges to overcome.
Because solubility and compatibility with a matrix are very case-specific
we put special emphasis on polydispersity and entropic signal broadening.
Although some polymerisation reactions for conjugated polymers such as
Kumada[39, 40] and Yamamoto[41, 42] have excellent polydispersity, their
chemistry limits the versatility and compatibility with small molecules.
In this thesis we mostly use Suzuki-Miyaura poly-condensation to allow
for easy adaptation and to maximize versatility and choose to solve the

polydispersity issue non-chemically.

Pd
(RO),B—C C—B(OR), + X—(‘C—X L" %C C—(‘C+
Base A

AA-Monomer BB-Monomer

R = H, Alkyl X = Br (I, OTF, Cl)

Figure 1.6: A schematic representation of the Suzuki-Miyaura polycondensa-
tion illustrating the generic nature of the reaction. Adapted from [43] copyright
2009, with permission from John Wiley & Sons Inc.

all

The mild conditions of Suzuki-Miyaura polycondensation make it
compatible with many different monomers. Additionally because it uses
a two phase reaction this increases the solubility of monomers in either
solvent increasing homogeneous incorporation of dopants which is crit-
ical to avoid bias in chain architecture due to different availabilities and

subsequent reactivities. The general mechanism of this reaction, shown in
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figure1.6[43] requires an aromatic halide and an aromatic boronic-group
which are coupled using a palladium catalyst in the presence of a base
and absence of oxygen and result in a conjugated carbon-carbon coup-
ling. The interchangeable nature of the monomers gives its user great
freedom in the polymer architecture allowing for facile incorporation of
different functionalities or end-capping of the polymers. For example we
can exploit the aromatic nature of small molecule sensors due to their
high-susceptibility to bromination allowing their use in Suzuki-Miyuara
polymerisation. Although this strategy is not new and creates its own

challenges in monomer synthesis it remains highly effective.

Although each chapter presents independent manuscripts which are
published or in preparation we present a short summarized outline. In
chapters 2-5 we explore our main aim by synthesizing new macromolecu-
lar sensors which incoorporate different small mechano-active molecules
into the backbone of a conjugated polymer. Subsequently, in chapter 4
we explore a generic method to improve polydispersity of conjugated
polymer sensors in general and exploit this to investigate chain length-
dependent properties of acceptor-doped conjugated polymers. Both of
which are challenges which are encountered when doping conjugated
polymers with small molecules. In chapters 6 and 7, describe the res-
ults of a side project, which although not inherently related to our main
research question, are in our opinion valuable contributions to under-
standing complexity in soft materials. Finally, in the General Discussion
we place the results of this research in a broader context and describe

avenues for future exploration.
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Chapter 2

Main chain spiropyran
mechanochromic sensors

The molecular switching properties of spiropyran have been successfully
harnessed in the development of dynamic materials using the distinct
properties of its isomers. It has also been shown extension and modifica-
tion of its pi-conjugated system alters its spectroscopic properties. How-
ever, the effect on molecular switching and isomerization kinetics of ex-
tension of its pi-conjugated system into a completely semiconducting ma-
terial remains largely unexplored. In this chapter we present the synthesis
of a fluorene-alt-spiropyran conjugated polymer and explore its spectro-
scopic properties in solution, varying the isomerisation of spiropyran and
merocyanine within its semiconducting backbone. We stimulate this pro-
cess with UV-irradiation and probe the influence of pH on both spectro-
scopic properties and back-conversion kinetics. We find that the spiropyran
maintains a spectral response upon isomerization, however comparison
with its molecular equivalent shows back-conversion kinetics are com-
pletely stalled. Additionally, we find the zwitterionic merocyanine once
protonated is poorly soluble. Finally, we show there is no spectroscopic
response to ultrasonic stimulation and explain previous reports of this ef-

fect by acid stimulated aggregation as a result of the ultrasonication pro-
cess.

Manuscript in preparation as:
P.van der Scheer, H. Dekker and J. Sprakel: Main chain spiropyran mechano-

chromic sensors
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2.1 Introduction

One of the large advances offered by the field of mechanochemistry in the
past two decades has been the development of molecular probes in which
an optical response is elicited upon action of a mechanical stress. Such
optical mechanophores feature a central bond that is mechanically weak
and that can be cleaved when a threshold force is exceeded. A wide variety
of mechanophores has been developed in the past decades, with operat-
ing principles ranging from mechanically induced retro-Diels-Alder re-
actions to ring-strain promoted mechanical opening of cyclic molecules.
One of the most commonly used optical mechanophores however is spiro-
pyran, that features a central mechanically-weak spiro bond that when
broken transforms the non-aromatic molecule into an aromatic species
called merocyanine. The isomerization between spiropyran and merocy-
anine, which is reversible in many cases, thus acts as a molecular switch
for conjugation. In addition to its mechanical sensitivity, spiropyran been
widely used as a photoswitch, since also UV light can bias the isomeriza-
tion reaction to the merocyanine state. Mechanical activation of spiropyran
into merocyanine gives rise to a distinct colorimetric change in the ma-
terial in which the mechanophore is embedded, which can be either de-
tected based on light absorption[1, 2] or fluorescence[3, 4]. This approach
has been extensively studied, for example to detect precursors for macro-
scopic mechanical damage in engineering polymers[5, 6, 7].

The optical signal elicited from spiropyran mechanophores only emer-
ges when a threshold force is exceeded; single-molecule studies has shown
this threshold force to be around 200 pN[8], about a tenth of the force
required to break conventional covalent bonds. This binary (on-off) re-
sponse limits their applicability to qualitive sensoric function where bond
rupture can be detected but forces cannot be quantified. To resolve this
issue, a different force sensing strategy has recently been developed in our
group. This makes use of the coupling between polymeric chain conform-

ation and fluorescent emission found in many conjugated polymers. Here
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either the vibronic fine-structure of the emission band shows distinct
changes when mechanical forces stretch out the chain conformations, or
these effects are amplified through the clever use of donor-acceptor en-
ergy transfer within the chain. [9, 10, 11] The energy transfer processes
within the chain are strongly dependent on the local monomer density
within the coil and can be tuned to give high dynamic range when either
stretching or collapsing the polymer coil. The configuration of the coil
can be coupled to a force by considering that the polymer chain is a large
spring with a specific spring-constant. Its deformation, which can be read
out optically, can be linked to a specific force. This makes it possible, after
calibration, to optically read-out very small forces continuously over a
certain force range.[12] This has been successfully used, e.g. by group
of Bazan, to study the binding-induced conformational changes of con-
jugated polymer sensors by specific DNA sequences. [13, 14, 15, 10] In
our group we have shown them to be capable of monitoring the forma-
tion of self-assembled nanostructures during electrostatic condensation.
(10, 9] In addition to their greyscale optical response, conjugated poly-
mers enable spatially-resolved force measurements, enabled by their high
quantum yield and photostability. Especially at the single molecule level

this is paramount to obtain high-resolution data.

In this Chapter, we aim to investigate if these beneficial properties of
force-responsive conjugated polymers can be amplified by their combin-
ation with a small-molecule mechanoswitch: spiropyran. It has already
been shown that it is possible to include the spiropyran into the backbone
of a conjugated polymer with retention of its switchable spectroscopic
properties.[16] By switching from SP to MC the conjugated system is ex-
tended and opened-up from its neighbouring monomers through the MC
effectively increasing the conjugation length. For polyfluorene the spec-
troscopic dependence on conjugation length has been studied extensively.-
(17, 18] There is both a blue-shift in absorption and emission accompan-

ied with an increase of the fluorescence quantum efficiency. If we now
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Figure 2.1: a) The structures of SP (1), MC (2), protonated merocyanine MCH+
(3) and protonated spiropyran SPH+ (4) as a result of photo- and acidochromism.
b) The transition of spiropyran to merocyanine as a result of thermal and pho-
tochemical isomerisation. Reprinted with permission from [1]. Copyright 2013
by the royal society of chemistry.

take an alternating polymer of SP and fluorene and exert a force until we
obtain an alternating polymer of MC and fluorene we expect a step wise
conversion of SP to MC. This step wise conversion is accompanied by a
spectroscopic response unique to the conjugation length of the segments
which in turn can be coupled to the force exerted on the polymer. The
spiropyran cascade combines the photo-stable and high quantum yield
properties of conjugated polymers which that of a continuous response
with respects to the mechanic stimuli of its direct environment hereby

increasing the dynamic range of its use as a mechanochromic sensor.

In this chapter we explore the design of an alternating main-chain
spiropyran-fluorene conjugated polymer and its application as a mechano-
chromic sensor. We do this by synthesizing a monomer suitable for Suzuki-
Miyaura polymerisation[19, 20, 21, 22] and subsequently co-polymerize it
with fluorene. We can now study the spectroscopic properties of the ob-
tained alternating spiropyran-flourene main-chain conjugated polymer

under exposure of different external stimuli exploring its applicability as
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a mechanochromic sensor. We put these results in context by comparing
them with the well known response of nitro-spiropyran under identical

stimuli.

2.2  Results & Discussion

To synthesize an alternating spiropyran-fluorene polymer we first syn-
thesize a spiropyran with reactive groups suitable for Suzuki-Miyaura
polymerisation. To extend the mechanochromic properties of the spiro-
pyran in the direction of the backbone the reactive groups need to be
positioned on the two outer phenyl rings.[23, 24] To achieve this build-
ing blocks containing bromide on the desired positions were used in the
synthesis of a dibrominated spiropyran following a procedure from liter-
ature [16]. Analysis using 7/-NMR showed the product to be chemically
pure. This monomer was subsequently used to synthesize an alternating
spiropyran-fluorene main-chain mechanochromicsensor using Suzuki-
-Miyaura polycondensation[16, 21, 25, 26]. Gel permeation chromato-
graphy showed the polymer to have an M, of 34kD. All monomer and
oligomer fractions were removed from the sample by a soxhlet extraction
protocol. Hereby minimizing any chain-length effects. [27] Note that the
chemical nature of the Suzuki-Miyaura coupling ensures the alternating
sequence of the spiropyran and fluorene moieties in the polymer back-
bone and only chain length variations are possible.

To determine whether the mechanochromic properties of the spiro-
pyran are maintained after polymerization we conduct a spectroscopic
study aimed at activating the MC form of the molecule which can be spec-
trally separated from the SP. To validate our methods of conversion to MC
we also include reference experiments conducted on nitro-spiropyran
(nitro-SP) which has shown to open under various conditions display-
ing changes in spectroscopic properties.[28, 1] This also enables us to

compare rate constants and activation energies accompanying these pro-
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Figure 2.2: a) The chemical structure of p(SP-alt-F8) with a schematic repre-
sentation where F8 is depicted as a blue circle and spiropyran as an off switch.
The conjugation of the backbone is interrupted by the spiropyran resulting in
low fluorescence quantum yield. b) The chemical structure of p(MC-alt-F8)
and a schematic depiction of the now non-interupted conjugation resulting in
high fluorescence quantum yield and emission along the complete backbone and
elongation of the chain.
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Cesses.

We use the fact that the SP molecule shows photochromism in solution-
[29, 30, 31, 32], enabling conversion from the SP to MC form by activation
by UV-irradiation and MC to SP conversion under irradiation with green
light.[28, 1] To first determine the equilibrium spectroscopic properties
of the p(SPF8) and its p(MCF8) form compared to that of the nitro-SP
and nitro-MC we chose to use UV-irradiation to switch between con-
formations. First excitation and emission spectra of reference spiropyran
compound 1,3,3-trimethylindolino-6"-nitrobenzopyrylospiran (nitro-SP)
were recorded shown in figure 2.3a, for the SP form and the UV-irradiated
MC form.

In the closed state the nitro-SP absorbs mainly at 450 nm and has
very low fluorescence emission. The open MC form absorbs strongly at

600nm and has a strong emission at 625nm.

We now determine the equilibrium spectroscopic properties of the
p(SPF8) and that of its p(MCF8) form by measuring absorption and fluor-
escence emission spectra in solution before and after irradiation with UV,
as shown in 2.3b-c. The activation of the spiropyran monomers to their
merocyanine state can be readily seen in the changes in the absorption
spectrum. The activated p(MCF8) form can be clearly distinguished from
the native p(SPF8) form by the emergence of a new absorption band, in
the visible range, that signals the newly formed and colored merocyanine.
Also in the fluorescence, a distinct optical effect is seen. First, we observe
a weak blue-shift when the switches are toggled on. This is surprising,
as it is conventional wisdom that extension of the pi-conjugated system
of these polyfluorene-based macromolecules should lead to a red-shift in
the fluorescence emission [33]. Moreover, we observe a 6-fold increase in
fluorescence intensity, signalling a 6-fold change in quantum efliciency,

upon spiropyran activation.

Both effects are surprising and not as expected. If the spiropyran

moieites in the main chain are all closed, the conjugated structure should
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be limited to a single fluorene monomer flanked by two phenyl rings.
Such a small conjugated structure should have marginal fluorescence in
the visible range. By contrast, once the SP is isomerized to its MC form,
the conjugated structure can extend over many monomeric units. We ex-
pected this to lead to both a strong redshift, and a drastic increase in fluor-
escence. Neither effect is observed.

While a conclusive answer to why this occurs is currently not avail-
able, we can make a speculation. It is known that the isomerization re-
action SP = MC exists in a dynamic equilibrium. Even in the absence
of light or force, a small fraction of SP will be in the MC state. It is also
possible that the incorporation of SP within a semiconducting chain bi-
ases this equilibrium to the MC state. This could imply that even in the
native state, larger conjugated structures exist within these copolymer
chains that lead to finite fluorescence emission without purposeful ac-
tivation. Even though no clear MC signal can be detected in the absorp-
tion spectra of the native product, opening of a small percentage of the
SP mechanophores could lead to distinct fluorescence signal. Moreover,
making these optical measurement invariable involves illuminating the
sample with near-UV light, which could contribute to undesired activa-

tion while performing the measurement.
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Figure 2.3: a) excitation and emission spectra of Nitro-SP and nitro-MC in
DCM. Agx = 540nm b) absorption spectra of p(SPF8) in DCM with and
without UV-irradiation ¢) exciation and emission spectra of p(SPF8) in DCM
before and after UV-irradiation. Agpx = 350nm

One particularly useful function of the spiropyran mechanophore is



RESULTS & DISCUSSION

that its opening is thermally reversible. Removal of the opening trigger
(light and/or force) should lead to backconversion into the native equilib-
rium. To ascertain if such reversibility is maintained in the semiconduct-
ing backbone we perform backconversion kinetics experiments. The rate
constant of MC>SP isomerization can be determined from the evolution
of the MC fluorescence emission band in time. We find a distinct decay in
emission intensity with time upon removal of the UV trigger (Figure2.4
a). These data is well described by a simple exponential decay describing
e _

first-order reaction kinetics Mo = e~ [34], where k is the reaction rate

constant and ¢ the time.

Since the measurement itself exposes the light-sensitive material to
light, this could influence the determination of the rate constant. To mit-
igate this, we perform measurements with different sampling (and thus
illumination) intervals to vary the light exposure during the measure-
ment. For short time intervals At, and thus high light exposures dur-
ing the measurement, we indeed find a dependence of the reaction-rate
constant and measurement settings. Only for measurements with a time
delay between acquisitions of 30 seconds or more, we find this depend-
ency to be lost, thus representing the true thermodynamic reaction-rate

constant.

To verify if the ring closure involved in MC>SP conversion is thermally-

activated, we perform a series of experiments at different temperatures.
We find that indeed the ring closure is accelerated at increased temperat-
ures, and well described by the Arrhenius equation k = Ae%/ET [30].
From these data, we determine an activation energy of 71.8 kJmol ™

which corresponds to values found in literature [35, 36].

To determine if the same equilibrium is maintained when SP is incor-
porated in the main chain of a semiconducting polymer, we performed
kinetic experiments also for p(MCF8). Neither fluorescence, absorption
nor NMR showed any back-conversion of the merocyanines inside the

semiconducting chains on timescales of up to 4 days. This is a large con-
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trast with the thermal back-conversion of the small molecule nitro-MC,
which occurs within 15 minutes. Literature suggests that for spiropyrans
as pendant sidechains on polymers, there is a sterical barrier to isomerise
back from MC to SP, which leads to MC forms being stable for months.
[37] This effect could be amplified in this spiropyran main chain polymer,
as the MC to SP transition involves a rotation around the central spiro-
carbon bond, which is very hindered by the fact that this motion involves
dragging the entire chain through the viscous medium. However, literat-
ure experiments on main-chain spiropyran polymers that do not have a
semiconducting backbone show rapid back-conversion within 5 minutes
[24]. This appears to rule out this possible explanation, while being at
odds with other literature data on pendent (side-chain) spiropyran poly-
mers [37].

Another reason for the arrest of the back-conversion kinetics could be
a specific effect of the semiconducting polymer. The de-localised electron
configuration along the backbone also changes the electron distribution
on the MC monomers. This could lead to electronic stabilisation of the
open state. This would also imply that in a non-triggered state, the equi-
librium SP = MC should also be biased towards the MC state, which is in
line with our hypothesis to explain the smaller-than-expected effect of the
switching on the polymer luminescence. We finally note that stimulation
of MC with green light is known to increase the conversion rate to the
SP form. Irradiation of p(MCF8) with high-intensity green light for up
to 4 hours did not lead to noticeable back-conversion, further support-
ing the hypothesis that the incorporation of spiropyran into the extended

conjugated system alters the isomerization equilibrium fundamentally.
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Figure 2.4: a) MC to SP relaxation rate constants (k) after irradiation with UV-
light as a function the intervals between points. Averaging time = 0.1s b) Emis-
sion intensity at Agps = 675nm of nitro-SP in DCM after UV-irradiation as a
function of time. Irradated from t = -60 to 0. ¢) Natural logarithm of reaction
constant (k) as a function of the inverse temperature

To further investigate the differences in electronic properties of the
nitro-SP and the p(SPF8) we attempted to force the equilibrium of SP
and MC to the open form .[38] Temperature-dependent fluorescence and
NMR measurements (0 °C to 30 °C) did not indicate a distinguishable
amount of p(MCEF8) being formed. This further supports the hypothesis
that there is a high energy barrier between the p(SPF8) and p(MCEF8) form,
which cannot easily be crossed without the very intense UV light that is
applied.

To further explore the nature of the increased stability of the p(MCF8)
compared to that of the nitro-MC we now investigate the influence of pH.
Since the open MC conformation contains an oxygen cation in aprotic
environments this is susceptible to protonation. This not only influences
the local electronic environment but also changes the energetic landscape
of the molecule and alters its polarity.[1]

To study this equilibrium, samples of p(SPF8) with an excess of acetic
acid are prepared. Two sequences are used: a solution of p(SPF8) is treated
with acetic acid and then switched to the p(MCH+F8) state using UV ir-
radiated, another solution is first switched to p(MCF8) by UV irradiation
and then acetic acid is added transforming it to p(MCH+F8). We effect-
ively explore the three routes shown in 2.1a. For both sequences the ab-

sorption spectra are recorded 2.5a-c.



MAIN CHAIN SPIROPYRAN MECHANOCHROMIC SENSORS

First we explore addition of acid after UV-irradiaton. This route is
limited to three states as shown in figure 2.1a. The ground-state p(SPF8),
the opened p(MCF8) state after UV-irradiation and p(MCH+F8) which is
obtained after protonation of p(MCF8). We compare absorption spectra
in 2.5a. We can see the distinct blue shift of the main peak from 360
to 340nm; this band is the absorption band of the fluorene monomers,
whose position changes in response to the switching of the adjacent re-
sponsive monomers. The coupling of the fluorene spectral response to the
state of the photoswitch, makes it possible to evaluate the photoswitch
state even when its own spectral shift is obscured. This shift is main-
tained after protonation of p(MCF8) to obtain p(MCH+{8), indicating that
changes in the spectrum after protonation are not due to back-conversion
into p(SPF8). The absorption bands at 450 and 550 nm associated with
the MC are present in both the p(MCF8) and p(MCH+F8). Just as in 2.3b
their features are broadened compared to the bands of the MC in 2.3a, as
is expected due to the broad distribution of states in a polymer. There is
a slight decrease in intensity in the p(MCH+F8) band compared to that of
the p(MCEF8), however their mutual ratios remain unchanged. Either the
p(MCEF8) and p(MCH+FE8) states cannot be distinguished spectroscopic-
ally or the solvent itself contains protons which cause inmediate conver-
sion of p(MCF8) to p(MCH+F8).

The second route of protonation before UV-irradiation also has three
possible states; there are distinct pathways that can lead to the final state.
The p(SPF8) upon protonation can open directly to the p(MCH+F8) state
of form an intermediate p(SPH+F8) state as shown in 2.1a. This p(SPH+F8)
state upon UV-irradiation can be transformed into p(MCH+F8). In 2.5b
we plot the absorption spectra of p(SPF8) solution after addition of acid,
then after UV-irradiation and we repeat this last measurement after 20
hours. Upon addition of acid to the p(SPF8) sample we can see an in-
crease of absorption across the whole spectrum. The sample does show

slight turbidity after addition of acid, this could signal the induced in-
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Figure 2.5: a) Absorption spectra of p(SPF8) in DCM comparing influence
of acid added after UV-irradiation b) absorption spectra of p(SPF8) with acid
before and after irradiation with UV c) absorption spectra of p(SPF8) compar-
ing influence of base and UV-irradiation d) absorption and emission spectra of
p(SPF8) in THF under the influence of ultrasound at different exposure times.
Apx = 350nm.

solubility, and resulting formation of aggregates, due to the opening and
protonation of the photoswitch. In fact, induced insolubility is one of the
features of spiropyran materials that has been used to create a switchable
response (ref review article). The large difference in absorption spectrum
upon addition of acid is most likely caused by insolubility of the polymer
and not by conformational changes of the switch itself.

We can also see that only the two spectra after UV-irradiation show
the blue-shift of the fluorene absorption band connected to the opening
of the SP to the MC. This seems to indicate that addition of acid does not
spontaneously cause transformation of p(SPF8) into p(MCH+F8) as is in-
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dicated for non-polymeric spiropyran. After UV-irradiation we can see
that the absorption across the complete spectrum increases even further
and we now see the blue-shift of the fluorene band at 340nm. After 20h.
the spectrum shows two distinct bands at 550 and 750nm. It is however
difficult to attribute these to any changes in conformation due to the ap-
parent solubility issues the p(MCH+F8) seems to have. It can however be
said that no back-conversion to p(SPF8) can be observed. The absorption
band at 750nm could be caused by stacking of the very flat rigid back-
bone of the now open MCH"F8 which would lead to even lower ener-
gies. The emergence of this stacking could be caused by the absence of the
negative charge on the oxygen of the spiro unit making it more likely to
stack.[39, 34] This additional stability of the p(MCH+F8) in a stack could
additionally hinder back-conversion as we observed. In contrast to the
absorbance measurements the fluorescence emission do not show change
upon addition of acid, the spectrum proves to be only dependent on UV

irradiation of the sample.

As a control, we now repeat the experiment in the presence of base.
The presence of base restricts the possible states to that of the p(SPF8) and
the non-protonated p(MCF8) and removes any uncertainty of the role of
acidic impurities present in the solvent. The influence of the presence
of the base pyridine on the spectral properties of p(SPF8) are shown in
figure 2.5c. A small spectral change can be seen in the region between 400
and 600 nm. These changes are however too weak to assign any physical
interpretation to them. These spectra do act as negative control to the UV-
irradiation measurements without acid or base. It can be ruled out that
the presence of p(MCEFE8) in the UV-irradiation measurements is caused

acidic impurities.

Now that we know the spectral response of the p(SPF8) and p(MCEFE8)
by opening with UV-irradiation and the influence of pH we can explore
the possible applications of the polymer as a mechanochromic sensor.

This requires mechanical opening of the p(SPF8) to its p(MCF8) form
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which we try to achieve by ultrasonication.[16, 24] A solution of p(SPF8)
in THF was ultrasonicated for up to 180 minutes. THF was used instead
of DCM, because chlorinated solvents can form acid upon ultrasonication
[40], which influences the p(SPF8) to p(MCEFE8) equilibrium as shown be-
fore. Ultrasonication did not result in a significant change in fluorescence
and absorbance, as can be seen in figure 2.4d.

Interestingly, this result of the lack of mechanical opening in the main
chain conjugated polymer is in contrast to the result obtained by Sommer
and Komber [16] where they report the apparent mechanical activation
of the identical polymer. The molecular weights are very similar in both
cases, thus ruling out a chain-length dependent mechanical susceptibility
effect. Rather, the experiments of Sommer and Komber were conducted
in DCM. Since it is known that DCM can generate acidic species under
ultrasonication [40], and we have shown above that acid alone is suffi-
cient to open SP partly in these polymers, this triggers the question if the
reported positive result of mechanochemical opening is not a secondary
effect due to solvent degradation. A more controlled way of confirming
mechanochromism could be embedding the sensor into a polymer matrix
where upon bulk deformation of the material deformation of the sensor

would also occur. [25]

2.3 Conclusions

A poly-spiropyran-alt-dioctylfluorene alternating copolymer p(SPF8) is
succesfully synthesised, with a representative molecular weight for Suzuki-
Miyaura polymerisation, M,, of 25 respectively 34 kDa and a PDI of 2.5
respectively 2.9. The expected structure has been confirmed with NMR.

However the amplified effects of combining the mechanochemical prop-

erties of conjugated polymers and mechanochemical sensors directly into
the conjugated structure of the former were not found. The main reason

being the non-reversible opening of the spiropyran switches and poor
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mechanical activation. These result in an increase of fluorescence quantum
yield and spectral changes but remain unresponsive after the initial open-
ing. Spectroscopic analysis and comparison with literature showed ener-
getic stabilization to be an important factor in this. The augmentation
of the extended pi-conjugated system cannot be avoided in the current
design and requires new approaches. Both fluorescence quantum yield
effects and spectral changes in the spectrum upon activation indicate that
the principle design was valid. The cause of the poor mechanical activ-
ation remains unclear. The results in the this work do provide us with
design rules which we can use to improve and expand upon the current

design.

A method which has been successfully applied is the cycloaddition
of malemide and anthracene.[41, 42] This reaction results in a thermally
stable covalent bond and quenches the fluorescent emission of anthracene
by reducing the size of the conjugated system. Unlike the complex and
sensitive equilibria of the spiropyran and merocyanine the anthracene-
malemide bond is only sensitive to mechanical bond breaking. The use
of this coupling has also been shown compatible with polymeric systems.
Malemide terminated PEG was used to graft to polystyrene with pendant
anthracene. [43] They also show that fluorescence emission of the anthra-

cene is quenched after cycloaddition.

By incorporating the anthracene into a fluorene backbone this ef-
fect could be amplified by the increased size of the conjugated system.
Furthermore fluorene shows spectral dependence on conjugation length
which can additionally give information about the amount of neighbour-
ing free anthracene units which could function as an internal standard.
This approach would also allow for control of the chemistry and length of
the polymer tether attached to the malemide independently of the back-
bone. Here there are no complications arising from the extention of the
conjugated system and we gain control of the polymeric tether attached

to the bond-breaking site independent of the sensor itself.
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Because the polyfluorene based conjugated polymer sensors already
posses mechanochromic properties it would be beneficial to expand this
with additional sensing applications. One such property relevant to the
mechanical properties of local environments is the viscosity or free volume.
Various sensors have been developed where the fluorescent properties de-
pend on the viscosity or free volume of its local environment.[44, 45, 46]
Since we have no indication that the chemistry in the current work in-
hibited the function of the spiropyran we propose a similar strategy in
exploring the incorporation of viscosity probes into the conjugated back-
bone of polyfluorene. The working principle of such probes is based on
fluorescence decay pathways availability depending on the unhindered
rotation over certain bonds in the molecule. Which are a steric issue and
not one of local electronic environment. Furthermore they probe a differ-
ent lengthscale and force range compared to that of the mechanochromic

sensing capability of the polyfluorene backbone.

The combination of the probing capabilities of small molecules with
those of the mechanochromic conjugated polymers shows much promise.
We have successfully showed the limits of the incorporation of spiropyran
in this current design and used this information in the construction of

other designs.

2.4 Methods

Chemicals

All chemicals used in synthesis are purchased from Sigma-Aldrich or TCI
chemicals and used as received. Solvents are obtained from BioSolve and

also used without further purification unles mentioned otherwise.
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NMR

Spectraare recorded on a Bruker Avance I11 400 MHz spectrometer. Shifts
are presented in parts per million (ppm) and referenced to tetramethylsil-
ane (TMS) (0.0 ppm). Solvents used are specified with the provided NMR
spectra or data. Standard abbreviations indicating multiplicity were used
as follows: s (singlet), b (broad), d (doublet), t (triplet), q (quartet), m (mul-
tiplet), dd (doublet of doublets), and td (triplet of doublets). Concentration
for NMR spectra are between 5 and 10 mg mL ™.

UV-VIS and fluorescence spectroscopy

UV-VIS absorbance spectra are recorded on a Shimadzu UV-2600 UV-
VIS spectrometer with temperature controller. Fluorescent experiments
are conducted on a Cary Eclipse Fluorescence Spectrometer with temper-
ature controller. Measurements are performed in signal-to-noise mode
with an signal-to-noise ratio of 1000. Concentrations of spectroscopy
samples are ~ 1 * 1072 mg mL~!. When no temperature is specified,
spectroscopy measurements are performed at 20 °C. For time-dependent
spectroscopy experiments, the cuvette is put immediately in the spectro-
meter after UV irradiation and left to decay thermally in the dark in the

spectrometer while measuring a spectrum every 10 or 30 minutes.

UV irradiation

UVirradiation experiments are performed using an Omnicure Series 1500
200W UV lamp, at 100% laser power for 90s (unless specified otherwise).
Amaz 18 365 nm. UV irradiation for spectroscopy measurements is per-
formed in the cuvette, with the lamp above the open cuvette, in a dark
room. Cuvettes are then sealed, mixed and immediately measured. UV ir-
radiation for NMR measurements is performed in a glass vial then trans-
ferred to an NMR tube which is kept under light-poor conditions up-to

and during the measurements.
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GPC

Gel permeation chromatography (GPC) is performed on an Agilent Tech
1200 series machine with SEDEX Model 90 LT-ELSD detector. Measure-
ments are performed at 35 °C in THF. A polystyrene calibration standard
is used. Correction factor of 2.7 (literature value for polyfluorenes [47]) is

used to correct for polymer rigidity compared to polystyrene.

Ultrasonication experiments

A bandelin Sonopulse GM70 ultrasonic needle is used. Ultrasonication is
performed continuously with a relative pulse strenght of 72%. A sample
of 5.7 mg p(SPF8) in 10 mL THEF is prepared in a 22 mL glass vial. While
ultrasonicating, it is cooled on ice. After a certain ultrasonication time, a
50 pL aliquot is taken from the sample and diluted to a final concentration

of =~ 1 % 1072 mg mL ™! for spectroscopy measurements.

Synthesis

In this section first the synthesis of the spiropyran monomer 5,6-bis(bromo)-

1’3’3 -trimethylspiro-[2H-1-benzopyran-2,2’-indoline] (SP) is described,
followed by the polymerisation of this monomer with fluorene derivative
9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (F8) to
give the desired polymer p(SPF8).

5-Bromo-2,3,3-trimethyl-3H-indole (1)

O
\HJ\ o
- . /;—
N
1

NHNH,HCI

Br
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To a 250 mL round-bottom flask is added 15 g (67.1 mmol) bromophenyl-
hydrazine HCI, 8.3 mL (135 mmol) 3-methylbutanone and 90 mL glacial
acetic acid. The mixture reacted at reflux for 20 h and cooled to room
temperature. A colour change from a dark grey suspension to a bright red
solution is visible. The volatile components are removed under vacuum,
the resulting red oil is partitioned between petroleum ether (100 mL) and
brine (50 mL). The organic layer is washed a twice with 50 mL of brine.
The organic fractions are dried (MgSO4), filtered, and evaporated under
vacuum to yield 1 (12.68 g, 53.2 mmol, 79%).

Column chromatography and distillation are both unsuccessful to isol-

ate product 1, the crude was used in subsequent synthesis steps.

5-Bromo-1-ethyl-2,3,3-trimethyl-3H-indolium iodide (2)

To a 100 mL round-bottomed flask is added 9.17 g (38.5 mmol) 1 and 25
mL acetonitrile and subsequently deoxygenated. To the mixture 20 mL
of deoxegenated ethyl iodide is then added. The reaction is deoxegenated
further and left to reflux for 48 h. Subsequently, the volatile components
are removed under reduced pressure. The residue is triturated with ether
(100 mL) to give a solid. The solid is filtered off, washed with ether (2 x
150 mL), and dried under vacuum to yield 2 as a dark red solid solid (13.41
g, 35.3 mmol, 91.6 %)

The crude product is recrystallized, yielding of 6.16 g of purified 2
(16.2 mmol, 42.1%).

1H NMR (400 MHz, DMSO-d6) § 8.17 (d,] = 1.9 Hz, 1H), 7.93 (d, ] =
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8.5 Hz, 1H), 7.84 (dd, ] = 8.5, 2.0 Hz, 1H), 4.47 (q, ] = 7.3 Hz, 2H), 3.90 (4,
J = 16.8 Hz, 1H), 2.81 (s, 3H), 1.53 (s, 6H), 1.41 (t, ] = 7.3 Hz, 3H), 1.25 (s,
1H).

57,6-bis(bromo)-1’,3’,3’-trimethylspiro-[2H-1-benzopyran-
2,2’-indoline](3)

EtOH, Br =
1.1 eq. piperidine /
N2, 110C, 3h. “
ol e

3

2.23 g (5.87 mmol) 2 and 1.15 g (5.72 mmol) 5-bromosalicylaldehyde are
dissolved in 50 mL ethanol. Piperidine, 1.1 equivalent, is added and the
mixture is deoxygenated. The mixture is reacted at 110 °C for 3 hours
under Ny, subsequently the solvent is removed under reduced pressure.
Recrystallizing twice yields a white solid 3 (1.69 g, 37.5 mmol, 66 %).

1H NMR (400 MHz, Chloroform-d) ¢ 7.25 (dd, J = 8.3, 2.0 Hz, 1H),
7.20(d,J = 2.5 Hz, 1H), 7.17 (s, 1H), 7.14 (d, ] = 2.0 Hz, 1H), 6.77 (d, ] = 10.3
Hz, 1H), 6.62-6.53 (m, 1H), 6.41 (d, ] = 8.2 Hz, 1H), 5.69 (d, ] = 10.3 Hz,
1H), 3.22 (ddt, ] = 53.8, 14.8, 7.3 Hz, 2H), 1.26 (s, 3H), 1.19-1.09 (m, 6H).

Suzuki polymerisation p(SPF8)

H3C(H2C)sH2C CHo(CH2)6CH3

C ) (0O, CHaCHRICHs
oo
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To a 20 ml microwave vial were added 197,6 mg (0.44 mmol) (3) and 245,6
(0.44 mmol) 9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol)
ester and 100.4 mg tetrabutyammonium bromide (TBAB) which are sub-
sequently dissolved in 6 ml toluene. To this 4 ml potasssium carbonate
solution (2M) is added. The mixture is stirred heavily and deoxygenated.
The vial is closed with a septum, degassed and backfilled with Ny (5x%).
Under Ny 6 mg 1,1’-bis(diphenylphosphinoferrocene)dichloropalladium
is added and the vial is crimp sealed, degassed and backfilled with Ny.
The mixture was reacted at 80 °C for 96 hours.

The mixture was left to cool to room temperature, and extracted with
brine. The aqueous layer is washed three times with DCM. The bulk
of the organic solvent is evaporated under reduced, dissolved in a min-
imal amount of THF and precipitated in cold methanol, yielding a brown
solid which is filtered into a Soxhlet thimble. The product is extracted
with methanol, acetone and chloroform. The chloroform fraction was
recovered and used in subsequent experiments.

A second bath of polymer was prepared under identical conditions us-
ing: 575.0 mg (1.28 mmol) 3, 714.7 mg (1.28 mmol) 9,9-Dioctylfluorene-
2,7-diboronic acid bis(1,3-propanediol) ester, 202.0 mg TBAB, 12.0 mg
Pd(dppf)Cly in 12 ml toluene and 8 ml potasssium carbonate solution
(2M).

Batch 1 yields 130.0 mg p(SPF8) (44%) and batch 2 yields 385.0 mg
(44%). GPC analysis shows M, (kg/mol): 25.0 & 34.1 and PDI: 2.52 &
2.87 for batch 1 and 2 respectively.

These results are similar to the M,,’s and PDI’s in literature for a Su-

zuki polymerisation with similar monomers. [16]

Batch 1: 1H NMR (400 MHz, Chloroform-d) ¢ 7.66 (d, ] = 8.0 Hz, 2H),
7.48 (dd, J = 18.7, 10.1 Hz, 5H), 7.35 (dd, ] = 22.4, 8.8 Hz, 3H), 6.91 (d, ] =
10.2 Hz, 1H), 6.77 (d, ] = 8.3 Hz, 1H), 6.60 (d, ] = 8.1 Hz, 1H), 3.64 (s, OH),
3.45-3.09 (m, 2H), 1.38 (s, 3H), 1.18 (dd, ] = 12.4, 7.0 Hz, 6H), 1.02 (s, 14H),
0.78-0.69 (m, 7H), 0.66 (s, 5H).
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Batch 2: 1H NMR (400 MHz, Chloroform-d) 4 7.66 (d, ] = 8.0 Hz, 1H),

7.47 (dd, ] = 19.0, 10.3 Hz, 2H), 7.44-7.26 (m, 1H), 6.90 (d, ] = 10.1 Hz, 1H),
6.77 (d, ] = 8.3 Hz, 1H), 6.59 (d, ] = 8.2 Hz, 1H), 5.72 (d, ] = 10.1 Hz, 1H),
3.29(dd, ] = 58.5, 7.7 Hz, 1H), 1.97 (s, 2H), 1.43 (s, OH), 1.38 (s, 1H), 1.29-
1.08 (m, 3H), 1.13 (s, 6H), 1.01 (s, 7H), 0.75 (dddt, ] = 11.0, 7.3, 5.6, 2.2 Hz,
4H), 0.66 (s, 2H).
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Chapter 3

Rigidochromic conjugated
polymers carrying main-chain
molecular rotors

We design and prepare rigidochromic conjugated polymers that carry
molecular rotors in the main chain. We show how a suitable design main-
tains the mechanosensitivity of the rotors upon incorporation into an
extended 7-conjugated system. Construction of donor-acceptor poly-
mers enables their use as ratiometric probes for polymer micromech-
anics, which we evidence through micromechanical imaging of a phase-
separated polymer blend.

This chapter was published as:

P. van der Scheer, Q. van Zuijlen and J. Sprakel: Rigidochromic conjugated
polymers carrying main-chain molecular rotors, Chem. Commun., 2019,55,
11559-11562.
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3.1 Introduction

The properties of many soft and biological materials depends sensitively
on the emergence of complex mechanical patterns at the microscale. Mi-
cromechanical imaging, e.g. using contact-based techniques such as Atomic
Force Microscopy, can resolve these patterns at the surface, but preclude
insights deep into bulk materials. Molecular mechanosensors have emerged
as valuable probes to enable non-invasive micromechanical imaging us-
ing optical methods, in order to resolve mechanical patterns deep inside
materials. One particular class of these mechano-sensitive probes are
molecular rotors. Molecular rotors derive their mechano-optical coup-
ling on the basis of a Twisted Intramolecular Charge Transfer (TICT)
principle.[1, 2, 3, 4] Upon photoexcitation, the molecular rotor tends to
undergo an intramolecular rotation, which alters its electronic configur-
ation and opens a pathway for non-radiative decay of the excited state.
The accessibility of this pathway depends on the rate at which the in-
tramolecular rotation can occur, which is sensitive to the solvent vis-
cosity or polymer free volume. In this way, molecular rotors exhibit a
coupling between the fluidity of the surroundings and their fluorescence
quantum efficiency and lifetime. The rigidochromism of these probes has
been harnessed for the study of a wide variety of micromechanical phe-
nomena both in synthetic materials and in biology, including studies of
plasma membrane fluidity [5, 6], polymer free volume [7, 8] and contact
mechanics[9].

More recently, the mechano-optical coupling found in semiconduct-
ing polymers has emerged as a powerful platform for micromechanical
analysis [10, 2, 3]. Here, the mechanosensitivity derives from a coupling
between the conformation of the entropic backbone in response to mech-
anical stress and the intramacromolecular energy transfer efficiency. To
date, the potential of small-molecule mechano-sensitive probes in com-
bination with semiconducting polymers has not yet been harnessed. Coup-

ling the rigidochromism of molecular rotors to the mechanosensitivity of
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Figure 3.1: Schematic illustration of the synthesis pathway to prepare reactive
molecular rotors and their co-polymerization into rigidochromic polymers.

semiconducting polymers could lead to a new class of mechanochromic
materials. For example, using molecular rotors in a donor-acceptor semi-
conducting polymer could result in ratiometric fluidity probes for quant-
itative micromechanical imaging, or in semiconducting materials that act-

ively respond to external mechanical stimuli.

In this Communication, we design and prepare mechanosensitive con-
jugated polymers that carry rigidochromic molecular rotors in the main
chain. The fluidity-dependent rotation of the rotors to a state of twisted
intramolecular charge transfer (TICT) is maintained when incorporated
into the extended conjugated structure of a poly(fluorene) backbone. This
results in luminescent polymers with a donor-acceptor structure, whose
intramolecular transfer efficiency depends on the mechanics of the local
environment. We confirm that the emission ratio is linear in the excited
state lifetime of the rotor, enabling their use as quantitative ratiomet-
ric fluidity sensors. We demonstrate their potential by performing ra-
tiometric micromechanical imaging on a demixed polymer blend. These
rigidochromic organic semiconductors can enable non-invasive mechan-
ical imaging in polymeric or biological materials, or can serve as a build-

ing blocks for mechanochromic optoelectronic devices.

As our rigidochromic building block we choose phenyl-substituted
boron-dipyrromethene (BODIPY) molecular rotors (Fig.3.1, structure 1).

The BODIPY rotor is a good choice for incorporation into a conjugated
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chain, as it has been shown to be stable under Suzuki-Miyaura reaction
conditions [13, 14]. Building the molecular rotor into the main-chain of
a semiconducting polymer, offers two options; polymerization along the
rotor (BODIPY) core or along the pendant phenyl substituent. Extension
of the m-conjugated system of the BODIPY core alters the electronic con-
figuration of the molecule to such an extent that rigidochromism is lost
[15]. We therefore opt to use the phenyl ring as our attachment point,
which is known to leave rotor function intact[16]. Moreover, steric con-
siderations are also relevant, as substituents on the phenyl ring may hinder
rotation [17]. We therefore chose a meta-substitution pattern of two aro-
matic halogens on the 3-5 position of the phenyl ring such that hindrance

of the rotation is minimized (Fig.3.1, structure 1).

It is our aim to design a semiconducting polymer whose emission pat-
tern changes depending on the local mechanics of its surroundings. To
achieve this, we incorporate the dibromo-Ph-BODIPY in a poly(dioctyl
fluorene) polymer as a main-chain dopant. This leads to a polymer with
a internal donor-acceptor structure. The polyfluorene emission overlaps
with the excitation band of the BODIPY dopants, leading to intramolecu-
lar energy transfer (ET). The nature of this transfer is most likely a com-
bination of transfer along the conjugated chain by excitonic migration
and transfer through the dielectric medium by dipolar coupling [18]. The
blue emission of the polyfluorene backbone serves both as an internal ref-
erence, for comparison to the rotor emission, and as the excitation source
for the the rotor due to ET.

First, we synthesize dibromo-Ph-BODIPY by condensation of dibromo-
benzaldehyde with 2-ethyl pyrrole, based on the method of Wagner and
Lindsey[19]; 'THNMR and MS (see ESI) show the product to be pure with
18% yield, in accord with literature [19, 15, 20]. We subsequently, pre-
pare two rigidochromic copolymers via Suzuki-Miyaura polycondensa-
tion [1, 2, 3] with two different doping ratios of dioctyl fluorene and our

molecular rotor (Fig .3.1, structure 2a-b). This resulted in polymers with
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Figure 3.2: Absorption (solid black line), excitation (blue dashed line) and fluor-
escence (solid red line, \¢,, = 370nm) spectra of a) 2a and b) 2b

M, = 6.1 kg/mol for 2a and 5.5 kg/mol for 2b, after correction of the
GPC data for the chain stiffness [22].

The chemical composition of polymer 2b is bound to a strict 1:1 ratio
of fluorene:rotor, due to the Suzuki coupling chemistry. By contrast, in
polymer 2a, this is not the case. Analysis by 'HNMR shows that the result-
ing rotor doping degree is closer to 10:1 (fluorene:rotor) than the aimed at
7:1, which may be due to the different reactivity of the two dibrominated

monomers in this reaction mixture.

The absorption, excitation and emission spectra of these two poly-
mers take the shape of linear combinations of the spectra for pure poly(d-
ioctyl fluorene) and a small molecule Ph-BODIPY rotor (Fig. 3.2a-b). This
indicates that the combination of both species within a single extended
m-conjugated structure does not alter their optical properties. The emis-
sion spectra, upon donor excitation at A = 372 nm, show strong differ-
ences between the two copolymers. The alternating poly(fluorene-alt-
Ph-BODIPY) 2b gives almost complete intramolecular energy transfer
from fluorene donors to rotor moieties as the acceptor even in low vis-
cous solutions (Fig. 3.2b). We also note that the acceptor emission band
of 2b exhibits a shoulder at higher wavelength, which could be indicat-
ive of intermolecular aggregation of the rotors in the highly doped poly-
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mer coil. This is confirmed by the fact that the emission intensity of this
shoulder is insensitive to the viscosity of the surrounding solution (see
SI). Moreover, also the absorption spectrum of the rotor in this design
exhibits a shoulder that is characteristic of aggregation possibly due to
pi-pi interactions within the polymer coil where the local concentration
of rotors is very high. Combined with the fact that the emission ratio
of donor to acceptor in low viscous media is very low, limiting the dy-
namic range of sensing, makes this design poorly suited for ratiometric
mechanosensing applications.

By contrast, the minority-doped polymer 2a shows emission bands
for both the donor and acceptor (Fig. 3.2a), indicative of incomplete en-
ergy transfer. This makes this design potentially suitable as a ratiometric
mechanosensor.

We note that the donor backbone exhibits a stress- and conjugation
length dependence of the maximum emission wavelength and its vibronic
structure.[23, 2] Both the position and shape of the donor emission band
indicate a backbone above the conjugation length and a relaxed, non-

collapsed, conformation.
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Figure 3.3: a) Average fluorescence lifetimes of the molecular rotor as a func-
tion of wt% castor oil, for small molecule rotor 1 (triangles), and rotor in copoly-
mers 2a (circles) and 2b (squares). Data was recorded by excitation at \.,:372
nm and emission at A, 540nm. b) Fluorene donor lifetimes as a function of
wt% castor oil for 2a (filled triangles) and the reference homopolymer (open tri-
angles), recorded at A\, = 372 nm and Ay, = 420 nm.
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To confirm that rigidochromic behavior is maintained, we perform
fluorescence lifetime measurements of polymers dissolved in solvents of
varying viscosity (Fig 3.3a-b), prepared from mixtures of low viscosity
toluene and high viscosity castor oil. As a reference, we include a non-
brominated version of rotor 1, which is not part of an extended conjug-
ated system. We observe how the excited state lifetime of the rotor, both
as a small molecule and as a dopant in the semiconducting chains, grows
with increasing the viscosity, upon going from pure toluene to 95 wt%
castor oil (Fig 3.3a). This confirms that the rigidochromism is maintained.
We note a slight reduction in the sensitivity of the lifetime versus vis-
cosity response of the co-polymerised rotors as compared to their small
molecule equivalents, in particular at low viscosities (i.e. low fractions of
castor oil) (Fig 3.3a). In all cases, rotor lifetime increases by more than
a factor of 2 over the explored viscosity range, making this design suit-
able for sensitive mechanosensory experiments. Finally we note that the
shape of the time-resolved fluorescence decays is monoexponential for
the small molecule rotor and the rotor copolymerized as a minority com-
ponent in design 2a; by contrast, in the highly doped polymer 2b, where

A a
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Figure 3.4: a) Fluorescence spectra of 2a normalized to their donor emissions
maximum for identical samples as in fig 3b. Inset the Ay;,4, of the donor (red tri-
angles) and guide for the eye (solid line) as a function of wt% castor oil b) Fluor-
escence lifetimes as a function of acceptor/donor ratio of 2a (black triangles) and
a linear fit (red solid line)
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we find signs of aggregation, we also observe a biexponential decay, of
which only one component is sensitive to viscosity, further substantiat-
ing the hypothesis of intermolecular aggregation when the rotor doping
degree is too high.

Interestingly, we also see that the donor polymer itself is rigidochromic
to some extent. The donor lifetime, of both the copolymer and of pure
poly(dioctylfluorene) homopolymer, grows mildly with increasing solvent
viscosity (Fig 3.3b). This could be explained by the effect the increased vis-
cosity had on the relaxation rate of torsion angles along the backbone.[24].
The difference in the donor response to viscosity between a copolymer
and homopolymer is most likely due to differences in chain flexibility and
length.

Figure 3.5: Micromechanical imaging of a phase separated polymer film, show-
ing liquid poly(butyl acrylate) droplets in a solid poly(hexadecyl acrylate) matrix,
containing sensor 2a, showing donor (a) and acceptor channels (b) and the cor-
responding ratiometric fluidity map in based on the normalised ratio o/ () — 1
(c). Scale bars = 40 micrometer.

Molecular rotors have emerged as valuable molecular mechanosensors
for micromechanical imaging of complex materials([5, 25, 26]. This is usu-
ally done through fluorescence lifetime imaging (FLIM) to obtain a quant-
itative response. However, FLIM instruments are costly and suffer from

a poor temporal resolution, often requiring minutes for acquisition of a
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single image. Ratiometric rigidochromic probes could solve these issues,
by enabling imaging on simple confocal microscopes and enabling data
aqcuisition rate set only by the instrument, often orders-of-magnitude
faster than in FLIM.

A good ratiometric rotor dye must have a linear correlation between
the fluorescence lifetime, which correlates to solvent viscosity, and the

emission ratio.

To confirm if our probe obeys this constraint, we take polymer 2a and
measure the fluorescence emission spectra for the same samples used in
the fluorescence lifetime experiments. Normalized emission spectra in-
deed show the growth of the acceptor, i.e. rotor, band with respect to
that of the donor with increasing viscosity (Fig.3.4a). A plot of the fluor-
escence lifetime as a function of the emission ratio of acceptor to donor
14/Ip reveals a perfect linear correlation (Fig.3.4b). This proves that our
sensor design 2a is suitable as a quantitative ratiometric rigidochromic
probe. We note that the sensitivity of the donor lifetime of 2a to viscosity

(Fig.3.3b) does not seem to influence this relation.

To showcase the application of such a rigidochromic sensor with a
ratiometric read-out, we perform micromechanical imaging experiments
on a phase separated polymer blend. We add polymer 2a as a probe to a
mixture of poly(hexadecyl acrylate)(pHDA) and poly butyl acrylate (pBA)
at 0.5 wt% to polymer. Spincoated layers of this blend result in phase sep-
arated films upon solvent evaporation. From confocal microscopy images
of the donor signal (Fig.3.5a) we find that the probe is present in both
pHDA and pBA phases, with a slight partioning preference for the solid
pHDA phase. Major differences appear in the acceptor channel, where
the mechanically-sensitive rotor dye manifests (Fig.3.5b), with a high ro-
tor signal in the solid pHDA matrix and a low rotor signal in the fluid pBA
droplets.

To convert these data to a ratiometric image that reflects the local mi-

cromechanics, we compute the normalized emission ratio as @ = (& — 1)
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where a = Ip /14 is the raw emission intensity and («) its ensemble aver-
age. This results in a clear micromechanical image of the complex poly-
mer material (Fig.3.5¢). The liquid pBA droplets appear homogeneous,
expected for a fast-relaxing polymer melt. By contrast, the pHDA matrix
exhibits spatial variations in . These are most likely caused by the grain
boundaries of the waxy alifatic crystal where the rotor has increased free

volume to undergo the internal rotation.

To confirm that the ratiometric image is not biased by partioning ef-
fects between the two chemically-distinct polymer phases, we perform
a correlation analysis. We see that there is no correlation of & with re-
spect to the donor intensity (Fig.3.18a), confirming the absence of such a
bias. Yet, there is a positive correlation between & and acceptor intensity
(Fig.3.18b), highlighting that ratiometric difference emerge only because
of the rigidochromism of the acceptor. Finally, from such images, quant-
itative information can be extracted. We do so by plotting the probability
distribution of ratiometric values &, which reveals two distinct popula-
tions (Fig.3.18¢), that can be attributed to the fluid pBA domains (& < 0)
and solid pHDA domains (& > 0).

We have demonstrated the successful incorporation of a rigidochromic
molecule into the main-chain of a conjugated polymer while retaining its
mechano-sensitive properties. A linear correlation between fluorescence
lifetime and emission ratios confirms its suitability as a linear ratiometric
fluidity probe, which is further evidenced by micromechanical imaging
using confocal microscopy. The coupling between local mechanics and
emission properties could be harnessed for quantitative micromechan-
ical imaging, based on a simple ratiometric principle, in a variety of poly-
meric materials or biological compartments such as vesicles, without the
necessity for fluorescence lifetime imaging instrumentation, which is of-
ten used for rigidochromic probes without an internal emission standard
(27, 28, 29]. Moreover, such mechanochromic semiconducting polymers

could find application in optoelectronic applications where mechanical
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feedback, e.g., for haptic displays, is required [30, 31, 32, 33].
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3.2  Appendix

3.3 Methods

Chemicals

All chemicals and solvents were bought from Sigma Aldrich (Merck) Europe,
TCI Europe and BIOSOLVE and used as received unless otherwise men-
tioned. Poly(9,9-di-n-octylfluorenyl-2,7-diyl) from Sigma Alrich was used
as a spectroscopy reference. Product number: 571652. Mw > 20kg/Mol.

8-[3,5-dibromophenyl]-3,5-diethyl-4,4-difluoro-4-bora-3a, 4a-diaza-

s- indacene (1)

To 50 ml anhydrous and deoxygenated DCM was added 2.64 g (10 mmol)
3,5-dibromobenzaldehyde which was further deoxygenated. To this we
added 2.04 ml (1.9 g, 20 mmol) 2-ethyl-1H-pyrrole and 100l TFA. The
reaction is performed for 18 hours under nitrogen atmosphere and light
poor conditions at room temperature. To this was added 2.46 g (10 mmol)
tetrachloro-1,4-benzoqui- ‘none (TCQ) in 30 ml anhydrous DCM, and
then stirred for 50 minutes at room temperature. To this 10 ml DiPEA
was added followed by stirring for 30 minutes. To this 10 ml BF;*O(Et),
was added and stirred for 45 minutes. Solvents were removed under va-
cuum and the remaining suspension was filtered and washed with DCM.
The filtrate was purified by silica column chromatography using DCM as
eluent yielding 887 mg (18.3 % mol/mol) product. MS: M+H/z, relative
abundance: 481.2, 50; 483.2, 100; 485.2, 50; IH-NMR (400 MHz, CDCl;,
300 K): 6 (ppm) 7.84 (t, 1H, J=1.8 Hz), 7.59 (d, 2H, J=1.8 Hz), 6.71 (d, 2H,
J=4.1 Hz), 6.39 (d, 2H, J=4.2 Hz), 3.08 (q, 4H, J=7.6 Hz), 1.35 (t, 6H, J]=7.6
Hz)
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Figure 3.6: "HNMR specrum of 1in CDCl3

8-phenyl-3,5-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene

As a spectroscopy reference a non-brominated bodipy-rotor was prepared.

The same protocol was used as for 1 but with benzaldehyde.

poly-(9,9-dioctylfluorene-2,7-diyl)-co-(5-[3,5-diethyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene-8-yl]-m-phenylene (2a)

Conjugated polymers composed primarily of donor moieties, and doped
with a minority fraction of acceptors, are prepared via standard Suzuki-
Miyaura polycondensation reactions [1, 2, 3]. We dissolve 100 mg (0.2075
mmol) 1, 341.38 mg (0.6225 mmol) 2,7-dibromo-9,9-dioctyl-fluorene and
463.44 mg (0.8300 mmol) 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-
propanediol) ester in 2 ml toluene, 15 ml 2M K;COj3 under nitrogen at-
mosphere. After thorough deoxygenation, we add 25 mg [1,1-Bis(dipheny-
Iphosphino)ferrocene]dichloropalladium(Il) (Pd(DPPF)Cl,). The reaction
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is performed for 48 hours at 90°C. The crude product is obtained by pre-
cipitation in cold methanol and Soxhlet extraction against ethanol and
acetone. Yield: 44.8 mg (7.1%). GPC: Mn: 2.0 kDa, Mw: 5.5 kDa, D:
2.7907; 1TH-NMR (400 MHz, CDCl;, 300 K): § (ppm) 7.86, (s, 2H), 7.84
(s, 23H), 7.75-7.61 (m, 62H), 3.09 (q (dg?), 4H, J=6.1 Hz), 2.12 (s br, 53H),
1.26-1.14 (m, 341H), 1.35 (t), 6H, J=6.1 Hz), 0.82 (m, 172H)

poly-(9,9-dioctylfluorene-2,7-diyl)-alt-(5-[3,5-diethyl-4,4-difluoro-
4-bora-3a,4a-diaza-s-indacene-8-yl]-m-phenylene (2b)

Using the same protocol we 2b using the following amounts: 200 mg
(0.4150 mmol) 1 and 231.72 mg (0.4150 mmol) 9,9-dioctylfluorene-2,7-
diboronic acid bis(1,3-propanediol) ester & 12.5 mg Pd(DPPF)Cl,. Yield:
69.5 mg (23.5%). GPC: Mn: 3.0, Mw: 6.1 kDa, D: 1.9964; 1H-NMR (400
MHz, CDCI;, 300 K): 6 (ppm) 8.10-7.5 (13H, m), 6.95 (2H, s), 6.43(2H, s),
3.13 (4H, m), 2.10(5H, s), 1.37-0.6( 75H,m)
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Figure 3.10: GPC trace and calculated mass against polystyrene reference
standards for 2b measured in CHClg at 35°C.
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Synthesis of poly(hexadecyl acrylate

In 40 ml Toluene 12.5g (42.2mmmol) octadecyl acrylate and 18mg 2,2’-
dimethyl-2,2’-azodipropiononitril (AIBN) were dissolved. In a roundbot-
tom flask fitted with reflux condensor 10ml of Toluene was stirred and
heated to 140°C for 5 minutes. The octadecyl acrylate solution was ad-
ded via a dropping funnel over the course of 1 hour and this was reacted
at 140°C for 24 hours. The product was cleaned by precipitating in cold

methanol three times.

Synthesis of poly(butyl acrylate

Inhibitor was removed from 30g (0.24 mol) butyl acrylate by running over
an alumina plug. To this 0.5%(mol/mol) AIBN and 30 ml Toluene were
added. The mixture was deoxegynated and reacted at 70°C for 18 hours

under oxygen free conditions. The product was precipitated into cold
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Weight
Peak Mp (gimol Mn (g/mol) | Mw (g/mol) | Mz (g/imol) | Mz+1 (g/imol) [ Mv (gimol) | PD ]
Peak 1 8660 7911] 11118] 15435] 20324] 14747| 1.408|
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Figure 3.12: GPC trace and calculated mass against polystyrene reference
standards for pHDA measured in CHCl3 at 35°C.

methanol.

Optical Spectroscopy

All optical spectroscopy experiments are performed in toluene, contain-
ing < 5 pg/ml of polymer, in a quartz cuvette after filtering over a 0.2
micron PTFE syringe filter. Absorption spectra are recorded on a Shi-
madzu UV-2600. All fluorescence excitation, emission and lifetime meas-
urements were performed on an Edinburgh FS5, equipped with a 372nm
pulsed laser and Time-Correlated Single-Photon Counting module for
lifetime measurements. All depicted spectra are an average of two con-
secutive measurements. Lifetime decay curves were obtained with 10*
counts, 4095 channels in a 50ns window. Fluorescent lifetimes were ob-
tained from a lifetime-distribution fitting procedure performed in Decay-
Fit.
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Figure 3.13: GPC trace and calculated mass against polystyrene reference
standards for pBA measured in CHCl3 at 35°C.
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Figure 3.14: a) Normalized absorption spectra of non-brominated 1 (blue) and
2b (red) in toluene. In the absorption spectrum of 2b there is a red-shifted
shoulder present which is indicative of aggregation. and b) fluorescence emis-
sion spectra (Ae; = 372nm) in different wt % of castor oil in toluene (0, 30, 45,
60, 83, 99 wt %) normalized to the highest peak. The first peak of the acceptor
emission is slightly responsive to the increasing viscosity whereas the second
peak shows little response to viscosity. This supports the idea that the shoulder
is cause by aggregation resulting in an unresponsive acceptor emisison peak. The
donor emission features of the 2b have broadened with those in the 2a and show
aresponse in intensity to the viscosity. Rendering its use as an internal reference
innefective.
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Figure 3.15: Representive lifetime decay traces (\¢;;, = 580nm and 540nm re-
spectively) of non-brominated 1, 2b and 2a in different mixtures of castor oil
and toluene. Where 1 and 2a show single-exponential decays the 2b shows bi-
exponential decays at higher viscosity which could be attributed to the unre-
sponsive red-shifted emission band thought to be caused by aggregation.
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Figure 3.16: Maximum emission wavelength as a function of wt% castor oil
for 2a obtained from the emission spectra of Fig.4a in the main text.
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Table 3.1: Absorption and emission maxima for sensor 1 & 2

Sensor Aabs(mm) Aermam (M)
1 366,516 412,529
2 340, 516 417,555

500
/lex(nm) Aex(nm)

300 400 500 600

Figure 3.17: 2D excitation-emission scan of 2a and 2b in chloroform.

Confocal fluorescence microscopy

We prepared a solution of 10wt% pHDA and 10 wt% pBA in chloroform.
To this 0.5 wt% of rigidochromic sensor 2a was added, with respect to
total polymer mass. The polymer solution was spincoated onto a cov-
erslip at 2000 rpm. Solvent was removed by placing the sample in a va-
cuum stove at 40°C for 3 days. Imaging experiments were performed on a
Nikon C2 confocal scanning laser microscope, with an excitation source
at 405 nm. The donor and acceptor emission, upon donor excitation,
were detected on two spectrally-split PMT detectors, recorded through

a 60x/1.40 oil immersion objective.
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Figure 3.18: Correlation analysis shows the normalised ratio per pixel as a
function of donor intensity (a) and acceptor intensity (b). Histogram of normal-
ised ratios shows two distinct mechanical populations, corresponding to the two
domains (c).
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Chapter 4

Chain length-dependent
luminescence 1n acceptor-doped
conjugated polymers

Semiconducting polymers doped with a minority fraction of energy trans-
fer acceptors feature a sensitive coupling between chain conformation
and fluorescence emission, that can be harnessed for advanced solution-
based molecular sensing and diagnostics. While it is known that chain
length strongly affects chain conformation, and its response to external
cues, the effects of chain length on the emission patterns in chromophore-
doped conjugated polymers remains incompletely understood. In this pa-
per, we explore chain-length dependent emission in two different acceptor-
doped polyfluorenes. We show how the binomial distribution of acceptor
incorporation, during the probabilistic polycondensation reaction, cre-
ates a strong chain-length dependency in the optical properties of this
class of luminescent polymers. In addition, we also find that the intra-
chain exciton migration rate is chain-length dependent, giving rise to ad-
ditional complexity. Both effects combined, make for the need to develop
sensoric conjugated polymers of improved monodispersity and chemical
homogeneity, to improve the accuracy of conjugated polymer based dia-
gnostic approaches.

This chapter was published as:
P. van der Scheer, T. van de Laar and J. Sprakel: Chain length-dependent lumines-
cence in acceptor-doped conjugated polymers, Scientific Reports, Vol. 9, (2019)
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4.1 Introduction

Conjugated polymers are a versatile class of building blocks combining
the properties of a polymer and a semi-conducting material. Mostly used
for making advanced optical and opto-electronic materials such as photo-
voltaics[1, 2], OLED’s[3, 4] and insulated molecular wires|[5, 6], displays,
memories, batteries. In addition to their value in creating physical opto-
electronic devices and active layers, conjugated polymers have recently
emerged as a valuable platform to build molecular diagnostic tools in
solution. These approaches rely on the effectuation of conformation changes
of the conjugated polymer, e.g. by analyte binding or mechanical stretch-
ing, and the resulting alteration of the luminescence pattern. The rela-
tionship between luminescence emission and chain conformation is com-
plex, depending on a variety of factors, including the chemical composi-
tion, presence of chromophores, chain length, solubility and intermolecu-
lar interactions. For conjugated homopolymers, these effects have, e.g.,
been harnassed to measure viral capsid formation, where encapsulation
and subsequent stretching of the conjugated polymer lead to distinct changes
in the vibronic fine structure[7], or to probe various types of analyte bind-
ing or enzymatic action by means of superquenching[8, 9]. Also more
complex architectures employing conjugated homopolymers, such as poly-
diacetylene vesicles, have been used to detect species in solution based on
changes in fluorescence emission resulting from conformational changes
in the semiconducting polymer.[10, 11, 12]

The optical response to changes in the spatial conformation of a poly-
mer chain can be tailored and amplified through the doping of the semi-
conducting chain with a minor fraction of energy transfer acceptors, po-
sitioned as chromophores along the chain. Both the excitonic transfer
along the semiconducting backbone, as well as the Forster resonant en-
ergy transfer through the dielectric medium within the polymer coil, change
substantially as the chain goes from a solvated and coiled conformation

to one that is either stretched or collapsed. For example, extensive work
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in the group of Bazan has shown the sensitive, and sequence-specific,
detection of small amounts of DNA based on the binding-induced con-
formational changes in acceptor-doped polyfluorenes [13, 14, 15]. A sim-
ilar approach has been used to evaluate nanoscopic structural changes
in self-assembled nanostructures during electrostatic condensation [16].
More recently, our group has shown that mechanical tension can induce
a gradual transition from coil to stretched chain, that can be optically de-
duced down to the scale of single molecules[17], leading to their use as

highly sensitive molecular tension sensors.

Most synthetic methods to produce semiconducting polymers yield
rather polydisperse products. Yet, it is well established that the equilib-
rium chain conformation, and its sensitivity to changes in response to an
external cue, depend strongly on their chain length. This poses the ques-
tion how these sensory approaches based on semiconducting polymers
suffer from chain polydispersity, and how the sensitivity of the meas-
urement could potentially be tuned if the chain length can be well con-
trolled. For several prototypical conjugated homopolymers, including
polyfluorenes[18, 19, 20, 21], polythiophenes[22, 23, 24, 25], polyacetylene-
(26, 24], phenylenevinylene[27, 23, 28], phenyleneethynylenes[29, 30], ef-
fects of polymerisation degree on their optoelectronic properties has been
established. For example, for polyfluorenes, systematic synthesis of pure
oligomers has lead to a detailed insight in how the luminescence of these
polymer changes with increasing conjugation length. Above a chain length
of approximately 6 repeat units, no further changes in emission patterns
were observed, thereby defining the maximum conjugation length in ex-
tended chains.[18, 19] While emission properties stop changing when the
polymerisation degree exceeds the conjugation length, structural proper-
ties such as the glass transition and isotropization temperature continue

to evolve.[19]

By contrast, very little is known about the chain length effects on the

emission patterns of conjugated polymers that are doped with a minor-
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ity fraction of chromophores, despite its importance in further develop-
ing conjugated polymer-based solution diagnostics. By contrast to homo-
polymers, chain length effects in doped chains have both conformational
and compositional origins. Due to the semiflexible backbone of many
conjugated polymers, very short chain lengths result in rigid rod beha-
vior, with little to no conformational flexibility. Indeed, previous work
has shown that doped chains below their conjugation length are not ef-
fective as molecular sensors.[17] The conformational freedom of the chain
continues to grow with increasing chain length, thereby increasing the
sensitivity by which changes in conformation, e.g. due to analyte binding
or mechanical tension, can be interrogated optically. An additional degree
of complexity in minority-doped conjugated chains, which often feature a
random incoorporation of the chromophore during synthesis, is the het-
erogeneity of the chemical composition, even if the chain length would be
perfectly homogeneous. The probabilistic nature of chromophore incor-
poration, and the resulting variations in chemical composition between
chains, results in strong variations of energy transfer efficiency within a
population. We have previously shown that while acceptor-doped donor
polymers can be used as ultrasensitive tension sensors, chain length has
a substantial effect on the tension-optical response curve. This offers the
opportunity to tune the mechano-optical response of these molecular sen-
sors by chain length, but simultaneously highlights how polydispersity
increases the experimental uncertainty in these optically-based mechan-
ical tension assays. To increase the reliability and sensitivity of solution-
based sensory platforms based on acceptor-doped conjugated polymers,
it is crucial that we develop new approaches to improve the chain length
and composition homogeneity, and understand which factors influence

chain length dependencies in the optical response.

In this paper, we set out to understand the mechanisms of chain length
dependent emission patterns in acceptor-doped semiconducting polymers.

To do so, we fractionate polydisperse conjugated polymer reaction products
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Figure 4.1: a) Chemical structure of poly(dioctylfluorene-alt-
benzothiadiazole)-co-(dithienyl benzothiadiazole) (P1), with m=7, n=6,
o=1. b) Chemical structure of poly(dioctylfluorene-alt-benzene)-co-(dithienyl
benzothiadiazole) with m=6, n=7, o=1 (P2). c-d) Gel permeation chromato-
graphy elution traces for P1 (c) and P2 (d). The crude product is drawn as a
solid line, different subfractions in dashed lines as indicated.

into series of fractions of well-defined molecular weight using solvent-
gradient Soxhlet extractions. Spectroscopic analysis of fractions of donor
polymers, doped with a minority fraction of acceptors, shows a strong
chain length dependence in the intrachain energy transfer. We explain
these results, aided by computer simulations, as the result of the bino-
mial distribution of acceptor incorporation that ensues from the probab-
ilistic acceptor incoorporation during the polymerisation. Furthermore,
we perform this analysis on two different chemical designs, to highlight
that our findings are not specific to a single chemical design, and may be
generic to a much wider class of minority-doped semiconducting poly-

mers.
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4.2 Results

We explore two different chemical designs for a donor polymer doped
with a small fraction of energy transfer acceptors. The first polymer (P1)
features a green emitting backbone, composed of alternating segments of
dioctyl fluorene and benzothiadazole (BT), that together form an effect-
ive green emitting donor moiety, as the energy transfer between fluorene
and BT has an efficiency close to unity. The second polymer (P2) features
a donor backbone composed of alternating dioctylfluorene and phenyl
moeities, which emits in the blue. Both polymers are doped by intro-
ducing a minority fraction of dithienyl benzothiadiazole (DTBT), as a
blue/green absorbing and red-emitting acceptor chromophore. The chem-
ical structure of these two designs is illustrated in Figure4.1a-b. These
designs are based on previous studies in which these architectures have
been successfully used as molecular tension sensors[17], inspired by pre-
vious work in the group of Bazan on DNA detection[13, 14].

The synthesis of such doped semiconducting polymers often occurs
through carbon-carbon coupling polycondensations, such as Suzuki or
Yamamoto polymerizations[31, 32, 33, 34, 35, 36, 37], in which both chain
length and chemical composition of the polymers is ill-controlled. Meth-
ods for controlled polymerizations of semiconducting polymers, e.g. Kum-
ada polymerizations [38, 39, 40, 41, 42], are not readily ammenable to
synthesize complex doped copolymers. As a result, the cleaned but crude
product features a broad size distribution, from which it is impossible to
evaluate the effects of individual fractions of chain length on the overal
optical properties.

We use solvent-gradient Soxhlet extraction, used previously on both
conjugated and non-conjugated polymers [43, 44, 45, 46], to fractionate
the polydisperse crude mixture into fractions of increasing lenth with
improved monodispersity. The normalized gel permeation chromato-
graphy elution traces are shown in Figure4.1c-d; these data illustrate that

we obtain fractions spanning a rather broad range of molecular weights
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with improved polydispersity with respect to the starting product. This
approach gives us access to a set of fractions of increasing average mo-
lecular weight (SI Fig.1a-b), all derived from the same synthesis reaction,
and thus featuring identical average chemical composition. Proton NMR
spectra of a short and long chain fraction of P1 are shown in the Support-
ing Information; we observe a distinct peak broadening for the longer
chains due to slower molecular relaxations. The different monomers ap-
pear as a clustered set of peaks in the aromatic region; combined with the
peak broadening, this makes quantitative assignement more challenging.
Hence, we turn to spectroscopic means to evaluate the structure of the

chains as a function of their molecular weight.

Chain-length dependent spectroscopy

Now that we have obtained a systematic set of fractions of the same poly-
mer at different lengths, we can explore how chain length affects the op-
tical properties of these acceptor-doped conjugated polymers, which is
the main aim of this study. The UV-VIS absorption spectra, as shown
in Figure4.2a-b, show distinct absorption bands for each of the different
chromophores within the chain. By comparing the integrated intensities
of donor and acceptor moieties, we can evaluate the ratio of donor and
acceptor groups in the chemical composition of the polymer across the
different fractions (see insets in Figure 4.2a-b). For polymer P2 we find
a homogeneous chemical composition across all fractions, as the donor-
to-acceptor intensity ratio « is noisy but constant, and the spectra show
no systematic variations (Figure 4.2b). By contrast, for P1, we find that
the chemical composition itself shows a chain length dependency, as the
ratio «v is much larger for short chain lengths, i.e. the shorter chains are
enriched in donor, as compared to the higher M, fractions. This is most
likely the result of a composition-dependent solubility of short chains,
where the presence of one strongly aromatic DTBT acceptor, which does

not carry solubilizing alifatic tails, has a pronounced effect on the solu-
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Figure 4.2: a-b) Normalised UV-VIS absorption spectra for several fractions
of P1 (@) and P2 (b). Inset show the ratio « of 1ntegrated donor to ac-

ceptor absorption intensity, defined as o= f357000 )/ f5700(? ) for P1 (a) and

= 3%200 )/ 472000 ) for P2 (b). c-d) Corresponding normahzed fluorescence
emission spectra, upon donor excitation at Ay = 370nm, for several fractions
of P1 (c) and P2 (d).

bility of the entire oligomer. This result illustrates the first contribution
to chain-length dependent emission patterns in doped semiconducting
polymers, which is a chain-length dependent chemical composition, that
can emerge during polymer purification. For both polymers we do not
observe substantial shifts in the wavelength of maximal absorption A,
which indicates that all fractions feature chains with degrees of polymer-
ization that exceed the conjugation length. For polyfluorene homopoly-
mers it is known that the conjugation length constitutes approximately
6-7 repeat units, below which the addition of each additional monomer

shifts both the absorption maximum and molar exctinction coefficient
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(18, 19]. Although the spectra as shown in Figure4.2a-b, are normalized,
we did not observe significant or systematic changes in the molar exctinc-
tion between any of the fractions studied.

In previous studies, conformation-sensitive changes in donor-to-accep-
tor energy transfer have been used to deduce information about the spa-
tial configuration of the semiconducting chains, e.g., to detect binding of
DNA, proteins or block copolymers [47, 16, 13]. To probe how these ef-
fects are chain length dependent, we record the fluorescence emission of

solutions of our fractionated polymers upon donor excitation at \., =
370 nm.

The fluorescence spectrum of P1 shows donor emission, from the
BT moeities, at A = 550 nm and acceptor emission from the DTBT ac-
ceptors at 680nm, for all fractions (Figure 4.2¢). It is immediately clear,
however, that the relative amount of acceptor emission, indicative of the
efficiency of energy transfer within chains, grows with increasing length.
One could speculate that this is due to the previously observed change in
chemical composition in P1 with chain length. However, we also observe
the same effect for P2, which is chemically more homogeneous; this poly-

mer exhibits donor emission peaked at 415 nm, showing distinct vibronic
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Figure 4.4: a) Time-resolved fluorescence measurements of the donor in P1,
upon excitation at A = 372 nm, and detection at 550 nm. Instrument response
function indicated as a solid line (blue). Black lines are fits to these spectra to ob-
tain the lifetime distributions, as shown in b). ¢) Normalized mean donor fluor-
escence lifetime as a function of chain length, expressed as the number of repeat
units NV, for all P1 (red triangles) and P2 (blue squares). Inset shows the width
of the lifetime distributions o, as a function of polydispersity (PDI) for P1.

transitions in the donor emission band, characteristic for polyfluorenes,
and acceptor emission at 650 nm. Also for P2 we observe a distinct in-
crease in acceptor emission with increasing chain length. This suggests
that the chain-length dependent luminescence is not only due to changes
in chemical composition, but must have additional origins as well.

To confirm that these effects are not due to chemical defects in the
chain, we realise that the most common defect in polyfluorene-based semi-
conducting polymers is the oxidative keto-impurity that forms from mono-
alkylated fluorenes and exhibits distinct green emission [48, 49, 50]. We
perform infrared spectroscopy experiments on several polymer fractions
(see Figure 4.3a-b) and compare these to a reference material which is pure
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fluorenone. These results show that the characteristic keto-stretching

mode at 1721 cm™!

is virtually absent in all fractions. This implies that
the observed differences in the fluorescent properties of both polymers
are not due to chemical-defects.

We also note that chain-end defects cannot be at the root of the ob-
served M, effects; one of the two polymers was carefully end-capped
during the synthesis to mitigate these potential defects, while the other
polymer was not. In both cases, we observe the same behaviour, thus ex-
cluding the role of chain-ends in the length-dependent emission patterns.

Finally, we note that these chain-length dependent effects are most
pronounced in solution. A main application domain of semiconducting
polymers is the formation of solid-state optoelectronic devices. The lu-
minescence spectra in the solid state, as shown in the SI, give near com-
plete energy transfer for both short and long chains. This is due to a dom-
inant role for interchain energy transfer. We do note a distinct red-shift
of the spectra in the solid state with increasing chain length. This has been
previously observed in different semiconducting polymers and attributed
to the formation of intramolecular stacks [51]. In solution, this pathway is
suppressed and only intrachain effects emerge. Due to the recent interest
in semiconducting polymers for solution-based sensoric applications, we

turn our focus to the intrachain effects alone.

Time-correlated single-photon counting

To explore the origin of these effects, we turn to measurements of the
lifetime of the excited state of the donor. The donor lifetime 7 is a very
sensitive measure for the energy transfer efficiency to acceptor moieties
in the same chain; energy transfer leads to a proportional decrease in 7,
making lifetime measurements the method of choice to quantify energy
transfer efficiencies.

We study the chain-length dependence of the donor lifetime for the

same fractions as studied in Figure 4.2. The time-resolved fluorescence
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decays (Figure 4.4a) show a clear decrease in donor lifetime with increas-
ing chain length, indicating an increase in energy transfer efficiency, in
line with the spectral observations in Figure 4.2. We deconvolve the time-
resolved fluorescence decay curves by fitting them to a series of exponen-
tial decays to obtain the excited state lifetime distributions, as shown in
Figure 4.4b. All fractions exhibit a rather broad lifetime distribution. We
speculate that this is due to the internal remaining polydispersity index
(PDI) within each fraction. To elucidate this point, we measure the width
o, of the donor lifetime distributions as the full-width at half maximum.
We indeed find a positive, linear, correlation between the width of the
chain length distribution and the width of the donor life distribution for
polymer P1. This suggests that the lifetime of the donor backbone itself
is dependent on its length and spatial conformation.

To analyse the chain-length dependent energy transfer, we measure
the mean donor lifetime from the distributions (Figure 4.4b) as a function
of degree of polymerisation N. Since the absolute donor lifetimes vary
as a function of the chemical design of the backbone, we plot these data
normalized to 7y, which is the extrapolated donor lifetime in the limit of
N — 0, toreflect the relative change in 7 as a function of chain length. In-
terestingly, we find for both polymers a significant decrease in the donor
lifetime, and thus increase in energy transfer efficiency, with increasing
chain length for short chains, reaching a steady-value for chains above a
critical chain length N, which is approximately N =15 units for 1 and
20 units for P2, as shown in Figure 4.4c.

Clearly, there is a strong chain-length dependent emission in these
acceptor-doped conjugated polymers, but this effect is only present for
chains below a critical chain length. We have previously shown that the
intramolecular FRET efficiency in these systems is a measure for the seg-
mental density in the polymeric coil.[17] However, the fact that the chain
length effect on the emission is only present for sufficiently short chains,

suggests that an additional effect must be at play.
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The synthesis of these co-polymers is a probabilistic process, in which
the addition of monomers to growing and extending chains, is essentially
random. The probability of attaching an acceptor monomer as the next
addition to the chain is only determined by the ratio of donor and ac-
ceptor monomers in the reaction mixture. The number of acceptors 7 4
per individual chain is dictated by a binomial distribution, which depends
only on the chain length /V and the molar fraction of acceptors in the re-
action mixture p, which is p = 0.14 for our experiments. The binomial
distribution assumes that the selection of monomers in the sequence of
N trials is independent, which we presume to hold in the early stages of
the reaction where the reaction is well below conversion and an ample
supply of unreacted monomers of both species is available.

The probability of finding n 4 acceptors in a chain of length NV, with

an average acceptor fraction p set by the reaction mixture, is:

P(na) = ((N»p“(l —p)" (4.1)

na

The consequence of this binomial acceptor distribution across the chains
is that, especially for small [V, a significant fraction of chains will not have

any acceptors, set by:
N
Png=0)=(1-p) . (4.2)

In these chains, the energy transfer efficiency is £ = 0 by definition.
We hypothesize, that it is this fraction of acceptor-free chains that biases
the energy transfer efficiency to lower values than dictated by the mean
doping degree, and results in the distinct chain length dependency we ob-
serve. This hypothesis is supported by previous single-molecule experi-
ments, in which we recorded the fluorescence spectra of very long and
very short doped conjugated polymers. Indeed, these data appear to hint
at a significant fraction of zero-acceptor chains for the short oligomers,

while this fraction is virtually absent for the longer chains.[17]
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Figure 4.5: a) Computer-generated renderings of typical chain conformations
with donor (blue) and acceptor (red) distributions from the BD simulations for
(left-to-right) N = 7,14, 21, 63 b) Calculated energy transfer efficiency F (sym-
bols) as a function of chain length N with increasing increasing r ¢, ranging from
rf = 1nm (bottom)tor; = 10 nm (top). Solid lines are predictions based on the
binomial distribution, as explained in the text. ¢) Normalized F, as explained in
the text, for experimental data (filled symbols) and simulations (open symbols),
for both P1 (red) and P2 (blue).

Simulations

To verify our hypothesis, we employ computer simulations to explore
the role of the incorporation distribution on the intrachain energy trans-
fer. We use Brownian Dynamics simulations to generate thermodynamic
conformations for semiflexible bead-spring chains of length /V, and use a
theoretical approach to compute the intrachain energy transfer efficiency
from these conformations (see Materials and Methods and ref.[17] for de-
tails).

Because the physical dimensions of both donor and acceptor monomers



RESULTS

are approximately 1 nm, the coarse-grained approach of modelling the
chain as a strand of identically-sized beads is reasonable. In the assign-
ment of acceptor beads along the chain, we chose a random positioning,
given one constraint, that is that two acceptors can never occupy adja-
cent beads. This is physically realistic due to the reaction mechanism em-
ployed in the polymer synthesis. In a Suzuki-Miyaura polycondensation,
aromatic bromides react with boronic acids to form a direct C-C bond.
Since the acceptors are di-bromo-functional, there can never be a direct
coupling between two of these units.

These simulations, that account for the binomial acceptor distribu-
tion indeed capture the chain length dependence also observed in our ex-
periments. The energy transfer efficiency £ grows with increasing chain
length N up to a critical chain length beyond which the resulting optical
properties remain virtually constant (Figure 4.5¢). Interestingly, this effect
is very sensitive to the Forster radius rz. The fraction of zero-acceptor
chains has a E that is zero by definition. If the average energy transfer
efficiency is low, due to a small 7, the effect of this £ = 0 population
is modest, while for chains in which a substantial amount of energy is
transferred to acceptors, when 7 is large, their effect is strong.

To describe these data, we realise that the ensemble-average value of
E, as measured in experiments, is an average of the the acceptor-free
chains, which have £ = (, and the acceptor-rich chains. Thus, the meas-
ured F can be expressed as:

E=Eny>0)*(1—-(1-pMN) (4.3)
in which E(n4 > 0) is the average transfer efficiency of all chains but
those lacking an acceptor and the second term the overall probability of
chains having ny > 0. The limiting plateau value of £ at high chain
lengths, reflects the value in the absence of acceptor-free chains. Thus,
E(na > 0) is this plateau value, that can be directly deduced from these

computations. Indeed, this form accurately describes the observed changes
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in E with N, as shown from the drawn lines in Figure 4.5b.

Finally, we can compare our experimental data to these simulations
results directly. Given that our simulations are parametrized to match
the conformational flexibility and dimensions of the experimental poly-
mers, the only unknown is the Forster radius 7, that sets the efficiency of
the energy transfer between donors and acceptors through the dielectric
solvent. To enable a comparison, we plot the experimental and theoret-
ical data as % = . By adjusting the value of 7, we can fit the exper-
iments and find the effective value for the Forster radius. Interestingly,
the agreement between the simulations, simple theoretical description,
and experimental results is excellent. This supports the hypothesis that
the binomial acceptor incorporation is at least partly responsible for the
observed chain-length dependencies.

It is important to note, as we will also evidence in the following sec-
tion, that this simulation model is highly coarse-grained and only con-
siders the effects of chemical inhomogeneity across a population of chains
on the energy transfer. Yet, additional effects, e.g. those related to ex-
citonic migration may very well be chain length dependent as well.

Furthermore, this allows us to measure the Forster radius indirectly.
We find a good agreement between simulations and experiments for r; =
4.3 nm for P1; this is close to the value previously measured at 4.9 nm
for this design.[17] For P2 we find 7y = 7.3 nm; this appears high and
may hint at the presence of secondary effects not captured by our coarse-

grained model.

Streak imaging

Finally, to evaluate if chain length also effects the rate of excitonic migra-
tion processes along the chain we perform streak imaging experiments on
dilute solutions of our polymer P1, such that interchain excitonic trans-
fer is suppressed. The sample is excited with a pulse of a A = 385 nm

laser source; an example of a resulting time-resolved fluorescence streak
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Figure 4.6: a)STREAK image of P1 — F'8 in CHCl3, b) corresponding time-
resolved emission spectra at selected timepoints as indicated in the legend (time

in ps), c-d) initial donor redhshift as an indicator for exciton migration for P1 —
F2(c), P1 — F3(d)and P1 — F8(e).

image is shown in Figure 4.6a.

The donor-acceptor nature of our chains gives rise to an initial donor
emission, as shown in time resolved spectra in Figure 4.6b, that gradually
gives way to acceptor emission, over the course of several hundreds of pi-
coseconds to nanoseconds through energy transfer. The slow rate of this
process hints at a predominance of Forster type transer. Exciton migra-
tion in these polymers is established to manifest by a distinct redshift of
the donor emission peak with time.[52, 53] For each time point, we spec-
trally deconvolve the fluorescence spectra to identify the peak position of
the donor band. Indeed we observe the temporal red shift of the donor
peak that is a signature of exciton migration phenomena (see Figure 4.6¢c-
e). We find that these data are reasonably well described by an exponen-

tial function, from which we can extract a characteristic lifetime 7., for
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the exciton migration process. For the longest polymer, P1 — F'8 with
M., = 75 kg/mol, we find 7., = 39.6 ps, which is in agreement with val-
ues reported in literature.[52, 54, 55] Also here, we observe a distinct chain
length dependency; the excitonic lifetime is substantially shorter for low
M, chains, e.g. reducing to 7., = 16.7 ps for F'2 with M,, = 2.4 kg/mol
and 7., = 22.0 ps for F'3 with M,, = 5.9 kg/mol of the same poly-
mer. The shortening of the excitonic migration rate with chain length
was also observed in solid films of similar polymers.[52, 56] This effect
can be explained by considering exciton migration as a one-dimensional
diffusion process along individual chains. The excitonic polaron diffuses
along the linear chain until it reaches a chain end where it reacts and an-
nihilates [56]. Within this picture, the characteristic lifetime for excitonic
migration should grow quadratically with diffusion length and thus with
molecular weight of the chain. This is in qualitative agreement with our
results.

These results illustrate that the chain length dependent emission pat-
terns we observe are due to a combination of the chemical inhomogeneity
resulting from the binomial acceptor incorporation during polymer syn-
thesis and from inherent chain-length effects on excitonic processes along

the semiconducting chains.

4.3 Discussion

Doped conjugated polymers have emerged in the past years as attractive
platforms to build molecular sensors, capable of detecting a wide vari-
ety of solution analytes, ranging from heavy metal ions to complex bio-
molecules [13], illuminating complex self-assembly processes [47, 7, 16]
and enabling the optical detection of miniscule mechanical forces [17].
The inherent polydispersity that results from conjugated polymer syn-
thesis procedures, reduces the accuracy with which signals can be quant-

itatively interpreted and complicates the direct comparison with theor-



DISCUSSION

etical models and simulations. This is particularly problematic when the
optical read-out of the molecular sensor is performed at low numbers, or
even at the scale of single molecules [17, 57, 58, 59], where large chain
length dependencies of the optical response combined with strong poly-
dispersity can be very disadvantageous, especially since the nature of chain
length effects remain incompletely understood. In this paper we have used
a sets of fractionated conjugated polymers, doped with a minority frac-
tion of acceptor chromophores, to explore the origins of strong length-
dependent emission patterns and to shed light on the role of chain poly-
dispersity on the fidelity of sensoric approaches based on these molecular

systems.

On the basis of our experiments and computer simulations, we con-
clude that this is caused in large part by the presence of a finite fraction of
chains that do not carry even a single acceptor, due to the binomial stat-
istics of acceptor build-in in the polymerisation reaction. We also showed
that chain-length dependent exciton migration rates play a role as well in
giving rise to spectral changes with alterations in the molecular weight of

these doped polymers.

Removing the main source of chain-length dependent optical proper-
ties, which is a particularity of conjugated polymers doped with a minor-
ity fraction of acceptors, requires to ensure all chains carry at least one
acceptor, or ideally that the acceptor positioning within the chain is well-
controlled. Sequence-controlled polymerisation methods have seen a surge
in development in the past year for non-semiconducting polymers [60, 61,
62, 63, 64], yet these methods remain to be explored to create sequence-
controlled conjugated polymers, where efforts have been limited to the
synthesis of well-defined conjugated oligomers [19, 18], that are well-
below the length where the interesting coupling between chain conform-

ation and optical response emerges.
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4.4 Methods

p(F8-BT-DTBT) (P1)

Conjugated polymers composed primarily of donor moieites, and doped
with a minority fraction of acceptors, are prepared via standard Suzuki-
Miyaura polycondensation reactions [65,47,7, 17, 66, 67]. For poly(dioctyl
fluorene - alt - benzothiadiazole - co - dithienyl benzothiadiazole) (P1) we
dissolve 10 g (17.90mmol, 7 equivalents) 9,9-dioctylfluorene-2,7-diboronic
acid bis (1,3-propanediol) ester, 1.17g (2.56mmol) 4,7-Bis(5-bromo-2-thienyl)-
-2,1,3-benzothiadiazole and 4.51g (15.34mmol) 4,7-Dibromobenzolc]-1,2,5-
thiadiazole in 350 ml toluene and add 150 ml 2M Ky,COj3 under nitro-
gen atmosphere. After thorough deoxygenation, we add 524 mg (0.716
mmol) [1,1’-Bis(diphenylphosphino) ferrocene]dichloropalladium(II). The
reaction is performed for 96 hours at 100°C. The crude product is ob-
tained by precipitation in cold methanol and Soxhlet extraction against
methanol and acetone. Yield: 80% (mol/mol), 9.56g. PI-Fraction 8: 1H
NMR (600MHz, CDCIl3) §: 8.318(s), 8.106(s), 8.05(s), 8.006-7.886(m), 7.859-
7.816(m), 7.804-7.666(m), 7.581-7.52(m), 2.161(s) 1.28-1.088(m), 1.012--
0.872(m), 0.8430.782(t)

13C NMR (600MHz, CDCI3) §: 154.2, 151.69, 140.79, 136.34, 133.44,
128.29, 127.89, 123.88, 119.93, 55.46, 40.12, 31.76, 30.04, 29.22, 23.89,
22.58,13.97

p(F62-B-DTBT) (P2)

Using the same method, we prepare poly(dioctyl fluorene - alt - benzene -
co - dithienyl benzothiadiazole) (P2), using the following amounts: 5.42 gr
(9.88 mmol, 6 equivalents)) 9,9-Di-(2-ethylhexyl)-2,7-dibromofluorene, 3.80g
(11.53 mmol, 7 equivalents) 1,4-benzene diboronic acid bis(pinacol) ester,
756.04mg (1.65mmol, 1 equivalents)4,7-Bis(5-bromo-2-thienyl)-2,1,3-benzo-
thiadiazole and 250mg [1,1-Bis(diphenylphosphino) ferrocene] dichloro-



METHODS

palladium(II). This polymer was endcapped after 48h of reacting, by the
addition of 300mg phenylboronic acid, and reacting for another 2h, fol-
lowed by the injection of 2ml of de-oxygenized bromobenzene and react-
ing for another 12h. Yield = 78% (mol/mol), 4.22 g. %.

P1-Fraction 4C: 1H NMR (400MHz, CDCI3) §: 7.90-7.74(m), 7.73-7.61(m),
2.13(s), 1.47-1.41(m),1.30-1.18(m), 0.91(s), 0.68(s), 0.59(s)

13C NMR (400MHz, CDCI3) 6: 151.35, 140.58, 127.57, 125.96, 122.48,
120.10, 55.21, 44.58, 34.75, 33.92, 30.33, 28.29, 27.17, 22.77, 14.00, 10.40

Fractionation

All crude polymer batches are purified from monomers, reaction by--
products and residual catalyst, by Soxhlet extraction against methanol and
acetone. This clean but polydisperse crude product is subsequently frac-
tionated using solvent-gradient Soxhlet fractionation. Product is extrac-
ted in several steps, from low to high molecular weight fractions, based
on chain-length dependent changes in solubility, which are particularly
pronounced for the aromatic semiconducting polymers under study here.
To do so, we gradually increase the solvent quality in each subsequent ex-
traction cycle. For each fraction, we isolate the fraction by precipitation in
methanol and drying under vacuo. For the initial fractions, we use a com-
bination of hexanes and THF, which have comparable boiling points and
vapor pressures, but vastly different solvent qualities. Their respective
boiling points are 68°C for hexane and 66°C for THF with vapor pres-
sures of 17.60kPa for Hexanes and 17.59kPa for THF. For high molecular
weight fractions, we use mixtures of THF and chloroform, ending with
pure chloroform. Details on solvent mixtures and sequence are provided
in the SI. For each new solvent, the product is extracted in the Soxhlet
apparatus for at least 24h for the shorter fractions and 48h for the high
molecular weight fractions. For two fractions of P2, we iterate the frac-
tionation a second time, by exposing an initial medium M, fraction, to a

second round of Soxhlet extraction with smaller steps of the THF-hexane
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mixtures.

Data

By mixing solvents of similar boiling point and vapor pressure, but with
vastly different solvent qualities for the conjugated polymers, we are able
to fine tune the number of fractions into which the crude product is di-
vided. For P2, we initially observed a diminished separating effect for the
higher molecular weight fractions. This was most likely caused by shorter
chains that were physically trapped within the powder in the Soxhlet thimble,
being released together with longer chains as the solvency was increased.
We improved upon this, by a secondary fractionation of the initial frac-
tions (Table 1 and 2 SI) using a similar approach. This illustrates that
the Soxhlet fractionation approach, while more feasible experimentally as
compared to preparative GPC approaches to obtain sufficient material, is
sensitive to the physical properties of the crude powders. Fine powders,
loosely packed into the thimble, ensure maximum transport of species
during the extraction.

This approach gives us access to a set of fractions of increasing average
molecular weight (SI figure 4.7a-b), all derived from the same synthesis re-
action, and thus featuring identical average chemical composition. When
plotting M,, against M, (SI figure4.7¢c-d) for both polymers we can see
the polydispersity, given as M,,/M,, thus the slope of the curve in fig-
ure 4.7c-d, is improved for all but one fraction with respect to the crude

product.
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Figure 4.7: a-b) Molecular weights of P1 (a) and P2 (b) as a function of fraction
number (see SI for details); average molecular weight of the crude products is
indicated as solid lines. c-d) M, as a function of M,, for the crude (red triangles)
and different sub-fractions (black squares) for P1 (c) and P2 (d). The slope of the
linear fit (solid red line) indicates the average polydispersity index.

GPC

Samples were prepared by dissolving 5-10mg of polymer in 2ml of chroma-
tography-grade chloroform. The samples were heated gently to aid dis-
solution, and left to dissolve overnight under continuous agitation. All
samples were filtrated over a 0.2 micron PTFE syringe filter prior to in-
jection into the column. Measurements are performed at a chloroform
flux of 1 ml/minute at 35°C. Molecular weights were calibrated against
PS standards, and corrected to compensate for higher rigidity of the poly-

fluorenes as compared to the standards. [68]
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Figure 4.8: a-b)' HNMR spectrum of P1-F2 & P1-F8 in CDCl;3

Optical Spectroscopy

All optical spectroscopy experiments are performed in chloroform solu-
tions, containing 5 ;1g/ml of polymer, placed in a quartz cuvette after fil-
tering over a 0.2 micron PTFE syringe filter. Absorption spectra are re-
corded on a Shimadzu UV-2600. All fluorescence excitation, emission and
lifetime measurements were performed on an Edinburgh FS5, equipped
with a 372nm pulsed laser and Time-Correlated Single-Photon Counting
module for lifetime measurements. All depicted spectra are an average of
two consecutive measurements on duplicate samples. Infrared transmis-
sion measurements were performed in the solid state on a Bruker Tensor
27 spectrometer. Time-resolved fluorescence measurements were per-
formed with a streak camera setup (Hamamatsu model C5680 with model

M5675 Synchroscan unit) at room temperature. Fs pulses were generated
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Figure 4.9: a-b)Solid state fluorescence emission spectra of P1-F1 & P1-F8.
Drop-casted on quartz and excited at 370nm

P1

Solvent Mn Mw PDI Fraction

(kg/mol) (kg/mol) number
Crude 7.57 38.78 5.13 na
Acetone 0.93 1.36 1.46 1
Hexanes 1.63 2.36 1.44 2
Hexanes:THF (80:20) || 2.99 5.90 1.97 3
Hexanes:THF (50:50) | 6.05 10.56 1.74 4
THF 11.56 40.04 3.46 5
THF:CHCl; (90:10) 14.61 52.24 3.56 7
THF:CHCl; (70:30) 13.87 39.41 2.83 6
CHCI, 19.52 75.38 3.86 8

Figure 4.10: Soxhlet extraction solvents and GPC data for P1

with a repetition rate of 75.9 MHz using a laser system (Coherent Mira
900F) to generate light at 770 nm. The repetition rate was reduced to
3.8 MHz by a puls picker (APE Berlin). The excitation wavelength was
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P2
Solvent Mn Mw PDI Fraction
(kg/mol) (kg /mol) number
Crude 15.37 43.06 2.80 na
Acetone:Hexanes (50:50) 1.06 1.64 1.54 1
Hexanes: THF (80:20) 1.90 3.19 1.68 2
Hexanes: THF (60:40) 4.87 7.75 1.59 3
Hexanes: THF (40:60) 18.05 34.07 1.89 10
Hexanes: THF (55:45) 9.08 16.64 1.83 4
Hexanes: THF {50:50) 17.61 29.40 1.67 9
Hexanes: THF (45:55) 27.12 45.13 1.66 13
Hexanes: THF {40:60) J8.55 65.53 1.7 15
CHCly 14.57 27.76 1.90 G
Hexanes: THF (20:80) 15.72 29.56 1.88 8
Hexanes: THF( 10:90) 15.64 30.53 1.95 7
THF 2251 41.60 1.85 11
Hexanes: THF {15:85) 22.70 39.59 1.74 12
Hexanes: THF(5:95) 2788 83.67 3.00 14
THF:CHCl4(1:1) 13.97 26.10 1.87 5

Figure 4.11: Soxhlet extraction solvents and GPC data forP2

made by frequency doubling (APE Berlin) the output of the Ti:sapphire
laser. The laser power was reduced to 30 mW (with a focal spot of 150
pm). Measurements were performed at room temperature within a 800ps
time-window from 480-730nm.
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Simulations

To rationalise our experimental findings, we complement the measure-
ments by in-silico predictions of the chain-length dependence of the in-
trachain Forster energy transfer in acceptor-doped conjugated donor poly-
mers. We begin by computing thermodynamic polymer chain conform-
ations, using Brownian Dynamics simulations, performed in HOOMD-
Blue.[69, 70] We model our polymers as semiflexible bead-spring chains
in a good solvent with a degree of polymerisation /N, using a modified
version of the Kremer-Grest model [71] that includes a bending penalty
to impart semiflexibility [72, 73].

All beads along the chain interact by the steeply repulsive Weeks-
Chandler-Anderson potential:

4e [(9)12 — (%)6} + C(reut) 7 < Tew

0 T > Tout

Uwca (4.4)

in which o is the particle diameter, 7 the distance between two particles,
Teut the cut-off distance and C(r,;) a vertical shift factor, which using
Feut = 2Y6 and C (reut) = 1 gives a purely repulsive potential, and e sets
the energy scale. Bonded beads interact via a finitely-extensible nonlinear
elastic (FENE) spring:

2
7kr2mm In {1 - ( - ) :| r < T'maz
fmaz (4.5)

o T > Tmax

UFENE

where £ is the spring constant and 7,4, set the maximum spring ex-
tension, here fixed as 7,4, = 1.50. To model the semiflexibility of the
polyfluorenes we study in this paper, we also include a bending penalty

between adjacent bonds:

Ubend(@jk) = I{[l — COS(@Z‘jk)] (46)
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where 0, is the bond angle between beads 7, j and £, and « the bending
rigidity of the chain.

We parametrize the simulations to match the experimental polymers.
Both donor and acceptor moieties in our chains have a dimension of ap-
proximately 1 nm, we thus set the bead size ¢ = 1 nm. The persistence
length [,,, of our donor chains, copolymers of dioctyl fluorene and either
benzothiadiazole (P1) or phenyl (P2), is unknown. However, these data
are known for pure homopolymer poly(dioctyl fluorene), measured to be
l, ~ 7 nm [74], which is stiff due to the hairy-rod architecture, while al-
ternating copolymers of equimolar mixtures of dioctyl fluorene and our
acceptor DTBT, is estimated at [, ~ 2 nm [75]. We estimate that for
the non-stoichiometric copolymers we use here, the effective persistence
length will be approximately 4 nm. Within our simulation model, it is
known that [,/0c ~ k/kgT, we thus choose x/kgT = 4. A chain of
given degree of polymerisation was initialized and equilibrated extens-
ively, after which 1000 statistically-independent snapshots of chain con-

formations were collected.

To go from chain conformations, sampled via Brownian Dynamics
simulations, to the intrachain energy transfer efficiency, we use a recently
developed coarse-grained theoretical approach(17], which was shown to
predict Forster resonant energy transfer (FRET) in polyfluorenes with
good accuracy. We note that also excitonic processes, that occur along
the semiconducting backbone, occur. In these simulations, for the sake
of simplicity, we chose to focus solely on energy transfer through the
dieelectric medium; previous work from our group has shown that this

is a reasonable approximation [17].

Since the semiconducting chain is composed of many donors and sev-

eral acceptors, the total energy transfer efficiency can be written as:

po LR[Sy
~np 2 \TH o

np

(4.7)

Tig
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in which np and n 4 are the number of donor and acceptor beads in the
chain respectively, with N = np + ny, r;; the distance between donor
1 and acceptor j, and rp the Forster radius, defining the distance where
E = 0.5 for a single donor-acceptor pair. For a derivation of this result

we refer to previous work[17].

For each chain length, 1000 independent chain configurations were
obtained using the BD simulations. To mimic the experimental scenario
of random incorporation of the monomers from the reaction mixture,
we randomly assign beads a donor or acceptor identity, drawing from a
binomial distribution to ensure that over the ensemble of chains, the ra-
tio of donor to acceptor beads is identical to the experiments. For each
chain conformation, we generate 10 random donor-acceptor configura-
tions, and compute £ using Eq.4.7. The calculated ensemble-averaged
transfer efficiency is the mean over all 10 000 conformations generated

as such for each chain length.
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Chapter 5

Mechanochemical deprotection of
semiconducting polymers gated
by chain architecture

Mechanochemically gating the introduction of m-conjugation into light-
emitting polymers opens the pathway towards the processing and man-
ufacturing of functional polymers and devices made from them by us-
ing force. For this purpose, we here showcase a methodology relying on
the protection of poly(dioctyl fluorene-co-anthracene) polymers by Diels-
Alder adducts with maleimide. While 7-conjugation is effectively inter-
rupted in this form, thermal or mechanochemical activation of the pro-
tected polymer induces the cycloelimination to anthracene gradually re-
forming the conjugated polymer backbone on demand. Importantly, we
find that increasing anthracene doping, and thus torsion within the res-
ulting Diels-Alder adduct-containing polymers, increasingly induces con-
formational strain in the main-chain facilitating both thermal and mechano-
chemical deprotection. In addition to an unprecedented method to pro-
cess and manipulate 7-conjugated light-emitting polymers, we thus also
show that polymer backbone rigidity and torsion considerably influence
the mechanochemical reactivity of force-responsive molecular motifs.

This chapter was submitted as:
Pieter van der Scheer, Christoph Baumann, Robert Gostl and Joris Sprakell:

Mechanochemical deprotection of semiconducting polymers gated by chain ar-

chitecture
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5.1 Introduction

Semiconducting and intrinsically luminescent polymers find use in a wide
variety of optoelectronic applications, such as light emitting diodes,[1,
2] lasers,[3, 4, 5] field-effect transistors,[6, 7, 8] memories [9, 10, 11] and
solar cells.[12, 13, 14] In all of these, the performance and properties of
the device depend sensitively on the spectroscopic and optoelectronic
properties of the polymeric building blocks. Tailoring these properties is
typically achieved by synthetic chemical means, which offers vast design
flexibility.[15, 16, 17, 18] Creating microscopic patterns in properties, such
as effective conjugation length, refractive index or peak emission wavelength,
enables many of these applications and is often carried out after the poly-
mer has been synthesized and the material deposited onto a substrate. [19]
One approach to achieve this is to utilize the coupling, intrinsic to many
semiconducting polymers, between the spatial conformation of the chain
and its luminescence properties. For example, switching the organisa-
tion of conjugated polyfluorene between an amorphous and an organised
[-phase state, which can be induced through intensive electron beam ra-
diation, can be used to write microscopic patterns of varying backbone
conjugation and refractive indices in a thin film, e.g. to fabricate distrib-
uted feedback resonator lasers.[20]

The coupling between chain conformation and luminescence prop-
erties has also found use in a very different application. Semiconducting
polymers can be used as molecular sensors whose operational principle
uses the coupling of a conformational change induced e.g. by mechan-
ical force or binding of an analyte to an optical response. Functional-
ised semiconducting polymers have, e.g., been used to detect and quantify
DNA, proteins and other ionic species[21, 22, 23, 24, 25, 26] or to probe
conformational changes during templated supramolecular assembly.[27,
28, 29] Mechanical stress acting on a semiflexible semiconducting macro-
molecule can also induce a coil-to-stretch transition resulting in a detect-

able optical response, enabling their use as molecular force sensors, even
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at the scale of single molecules.[30]

In these examples, mechanical tension induces subtle changes in the
optical properties of the semiconducting polymers, sufficient for detec-
tion, but the extended 7-conjugated system of the chains remains intact
in both the relaxed and the mechanically stressed state. Creating a more
substantial response, such as the activation and switching of extended 7-
conjugation along the polymer backbone would be of value, not only to
amplify the mechano-optical coupling for sensory applications, but also
to enable the mechanical patterning of polymer films to create micropat-

terned optoelectronic devices.

To date, one approach to achieve this has been reported for a particu-
lar type of semiconducting polymers, namely polyacetylenes. Xie and co-
workers have shown how mechanochemically-induced cascade cycloe-
liminations of cyclobutane-like moieties can transform insulating poly-
ladderene into semiconducting polyacetylene.[31, 32, 33, 34] Mechano-
chemical ring-opening of the ladderene mechanophores, molecules that
undergo a mechanochemically induced transformation into a functional
form, covalently linked in a polymer chain, leads to the formation of a
semiconducting backbone, whose conjugation length increases with in-
creased mechanical stimulation by ultrasound. Moreover, the increasing
exposure of double-bonded sections of the polymer chain, not stabilized
by solubilizing groups, leads to assembly of the semiconducting chains
into larger superstructures broadening the spectral features of the res-
ulting materials. While this work is of seminal character, its approach is
limited to the formation of, from an applied point of view, rather unim-
portant and oxidation-prone polyacetylene. Expanding this concept to a
wide variety of different polymers would hence be highly desirable but
requires the introduction of mechanoresponsive conjugation gates that
are amenable to a wide variety of semiconducting polymer chemistries.
To achieve this, the mechanophore building block must gate conjugation

upon force application and also be compatible to the standard C-C coup-
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ling approaches used for the synthesis of conjugated polymers.

Within the field of mechanochemistry a considerable amount of mech-
anophores was developed that could act as such a conjugation gate, e.g.
benzocyclobutene, spiropyran and Diels-Alder (DA) adducts of anthra-
cene and its derivatives.[35, 36, 37, 38, 39] To date, these mechanophores
have been primarily used in non-conjugated materials to optically display
mechanochemically induced bond scission. Their incorporation into the
backbone of conjugated polymers to enable mechanochemical gating of
extended 7-conjugation remains unexplored.

Here, we design and synthesize semiconducting polymers with mechano-
chemically gated conjugation based on DA adducts of poly(dioctyl fluorene-
co-anthracene) polymers. The DA cycloaddition of anthracene units in
the main chain to maleimide derivatives interrupts conjugation along the
backbone. This results in macromolecules of chemically connected, but
not conjugated, small-molecule emitters. Thermal or mechanical activa-
tion of these polymers induce the retro DA reaction which restores ex-
tended 7-conjugation and results in distinct bathochromic spectroscopic
shifts. We show how the degree of anthracene doping in the main chain
results in tunable pre-strain on the DA adduct thereby creating a vari-
able susceptibility for the thermal and mechanical activation of extended

T-conjugation.

5.2 Results and discussion

We prepare two versions of a poly(dioctyl fluorene-co-anthracene) poly-
mer via Suzuki-Miyaura polymerisation[1, 28] with co-monomer ratios
of 1:1 and 1:4 of anthracene:dioctyl fluorene, respectively (Fig. 5.1 and
Table 5.1, experimental details in the ESIT). Synthesizing the DA adduct
of these polymers by reacting the anthracene units with a maleimide de-
rivative can be carried out in two different ways: On the one hand, P1:4

is modified post-polymerisation to its DA adduct by reacting the purified
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Figure 5.1: Chemical structures of both poly(anthracene-co-dioctylfluorene)
polymers (P1:1 (red) & P1:4 (blue)) and their DA-adducts with a maleimide de-
rivative (P1:1-DA (red) & P1:4-DA (blue)). In addition, diphenyl dioctylfluorene,
denoted T1, is depicted as a reference representing the smallest conjugated re-
peating unit in the alternating P1:1 polymer after DA cycloaddition of the an-
thracene unit.

polymer with an excess of the maleimide in xylene. On the other hand,
we prepare P1:1-DA in a one-pot procedure, where first a dibromoanthra-
cene is converted to its DA adduct and subsequently this monomer is co-
polymerized with dioctyl fluorene.

'H-NMR analysis shows that the incorporation of co-monomer ra-
tios of 1:4 and 1:1 are in agreement with the synthetic protocol. For both
preparation routes we find complete conversion to the DA adduct: 'H-
NMR analysis, as shown in Fig. 5.2, illustrates that peaks, at 8.6, 8.32 and
8.18 ppm, corresponding to the bare anthracene, are completely absent
after the DA reaction of P1:4 with N-(2-hydroxyethyl)maleimide. These
peaks were also absent in the P1:1-DA polymer, in which the DA adduct

was prepared prior to polymerization, indicating the absence of retro DA
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’ Polymer ‘ M, (kDa) ‘ M,, (kDa) ‘ D ‘ krpa (1-min~?) ‘ 7 (ns) ‘
P1:1 6.1 27.6 45 - 1.93
P1:1-DA 6.8 12.9 1.9 0.103 1.40
P1:4 21.8 42.5 1.95 - 1.08
P1:4-DA - - - 0.006 0.42

Table 5.1: Chemical and spectroscopic properties of the 4 different poly-
mers explored in this work, showing molar mass (M,,, M,,) and dispersity
of the molar mass D, from GPC measurements, rate constant krp 4 for
thermal retro DA reactions at 220 °C and the fluorescence lifetime 7.

reaction during synthesis.

For the P1:1-DA polymer, the Suzuki cross-coupling of dibromoanthra-
cene with a dioctyl fluorene bearing protected boronic acid moieties en-
forces an alternating chain architecture. The completion of the DA reac-
tion results in a polymer chain composed of small emitters, each featuring
a central dioctyl fluorene group flanked on either side by a phenyl ring and
interconnected by aliphatic rings. These polymers are thus fluorescent
but not conjugated along the backbone. For reference, we have thus also
prepared the diphenyl dioctylfluorene small molecule emitter, denoted
T1 (Fig. 5.1).

Interruption of the extended 7-conjugation of the copolymers res-
ults in distinct spectroscopic changes. Reducing the conjugation length
along the backbone by DA cycloaddition in both cases causes a hypso-
chromic spectroscopic shift, as anticipated (Fig. 5.3a-b). This blue-shift is
more pronounced for the 1:1 copolymer, shifting by approximately 55
nm (Fig. 5.3a), than for the 1:4 copolymer, which shifts by approxim-
ately 35 nm (Fig. 5.3b). This can be explained by the random copolymer
nature of P1:4, in which larger regions of interconnected dioctylfluorene
units can persist, compared to the strictly alternating nature of P1:1 en-
suring that after DA protection the largest conjugated unit is diphenyl
dioctylfluorene. Indeed, we observe that the spectrum of P1:1-DA is al-
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Figure 5.2: Partial 'H-NMR spectra in the aromatic region of P1:4-DA (bot-
tom) and P1:4 (top) indicating the complete disappearance of peaks specific to
anthracene after DA reaction with N-(2-hydroxyethyl)maleimide
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Figure 5.3: Emission and excitation spectra of a) P1:1 (dark-red, \¢;;, = 442 nm)
and P1:1-DA (light-red, Aey, = 392 nm) and T1 (light-grey, A¢p, = 392 nm) b) P1:4
(dark-blue, A¢;, = 416 nm) and P1:4-DA (light-blue, Ay, = 442 nm)

most identical to that of the small molecule reference material T1 (Fig.
5.3a). This supports the hypothesis that after DA addition, P1:1-DA is
an emitting but non-conjugated polymer composed of interlinked small-
molecule emitters. We also observe almost no alteration of the photolu-
minescence quantum yield ®p; between P1:1 and P1:1-DA which is in

line with the high ® p;, reported for polyfluorene-based conjugated poly-
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mers in solution[41, 42] and values for T1 from literature.[43] This is in
stark contrast to the complete absence of fluorescence from isolated an-
thracene molecules after DA adduct formation.[44, 45, 46, 47]
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Figure 5.4: Fluorescence lifetime traces for a) P1:1 and P1:1-DA and b) P1:4 and
P1:4-DA

The fluorescence lifetimes 7, determined for polymers in solution us-
ing time-correlated single photon counting (TCSPC), are substantially lar-
ger for the native polymers as compared to their DA adducts (Fig. 5.4 and
Table 5.1). For P1:1 we find 7 = 1.9 ns for the native polymer and 1.4
ns after DA modification. For P1:4 we find a 7 = 1.1 ns before and 0.42
ns after modification. The short 7 of the P1:4-DA approaches the values
found for poly(dioctyl fluorene) in solution, typically around 0.3 ns,[48]
and together with the spectral similarities of P1:4-DA with poly(dioctyl
fluorene) hints at the presence of extended regions of oligofluorene in
these random copolymers, which are the sole emitters after DA modi-
fication. We also observe that 7 increases with the degree of anthracene
incorporation, which might stem from native anthracene’s long fluores-
cence lifetime of 5.2 ns.[49]

Retro DA reaction of the protected copolymers would thus result in
both altered emission spectra and fluorescence lifetimes. To follow the
kinetics of the retro DA reaction, during which the conjugation state of

the polymer can be increased on demand, we chose fluorescence spec-
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troscopy, as this method offers a considerably higher temporal resolution
and increased sensitivity. Firstly, and as a proof of concept underlining
our working hypothesis, we investigate the thermally induced retro DA
reaction of the modified polymers to their extended 7-conjugated forms.
Above 200 °C the chemical equilibrium between anthracene and maleim-
ide and their DA adduct shifts to the deprotected form effectively revers-
ing the DA cycloaddition.[50]

a 0 min. dz g
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Figure 5.5: a-c) Fluorescence emission spectra of P1:1-DA during thermally
induced retro DA reaction at 0, 8 and 14 min. d-f) fluorescence emission spec-
tra of P1:4-DA during thermal retro DA reaction at 0, 90 and 150 min. Solid
lines represent multi-Gaussian fits to the data used for spectral deconvolution.
g) Fractional conversion to the resulting native polymers of the P1:1 (open red-
triangles) and P1:4 (open blue-circles) as a function of reaction time and h) the
same data in a linearized plot to confirm the first order rate law of the reaction.

For this, we prepare dilute solutions of the polymers in a high-boiling
solvent in which both the DA adduct and the native polymers are well
soluble (DMF:Xylene = 1:1). We heat these solutions in septumated vials
using microwave radiation to 220 °C and remove small aliquots at given
time points. These aliquots are diluted before recording their fluores-
cence emission spectrum. As time progresses, the extent of the retro DA
reaction increases which can be seen in the time-evolution of the emission

spectra as shown in Fig. 5.5a-f. Each spectrum represents a convolution

113




114

MECHANOCHEMICAL DEPROTECTION OF CON]J. POLYMERS

of the DA and native states, weighted by their relative abundance in the
sample. We note that for these measurements the sample was excited at
370 nm, to enable a comparison with fluorescence lifetime measurements,
which excludes determination of the 355 nm peak of P1:1-DA, leaving
the 392 nm peak within spectral range for accurate determination of the
conversion. However, even for P1:1 there is enough spectral separation to
perform a multi-Gaussian fit to the data for quantitative deconvolution.
From these, we computed the relative contribution of the DA and native
forms to determine the conversion of the thermal retro DA reaction as a
function of time. In Fig. 5.5g we plot the fraction of native (deprotected)
product formed as a function of time and observe clear difference in the

rate of conjugation increase between the P1:1 and P1:4 copolymers.

The retro DA reaction of small-molecule anthracene is reported to
be a first-order process.[51] To verify if this holds true for the retro DA
reaction in our macromolecules, we re-plot the kinetic data as in([RDAJ-
/[RDA]p) as a function of time with [RD A]/[RD A], the fractional con-
version. Indeed, this linearizes the data, confirming the first-order kinet-
ics underlying the retro DA reaction. The slope gives direct access to the
rate constant krp4 for this reaction where We find a factor of 17 differ-
ence in the activation rate between P1:1-DA, with kzp4 = 0.103 min~!,

and P1:4-DA with kzp4 = 0.006 min~".

We hypothesize that this striking difference in the susceptibility to
activation of the conjugation in these polymers originates in the differ-
ent levels of pre-stress on the DA adduct in chains with different degrees
of anthracene doping. The higher the loading level of the geometrically
kinked DA adduct of anthracene in the semiflexible chains, the larger
the internal strain on the monomers. It is literature-known that flex-
ural strain on the DA adduct within a polymeric chain can enhance the
retro DA reaction.[52, 53, 54] If we presume that the activation rate is en-
hanced exponentially with increasing internal stress, following the Bell-

Evans picture of mechanically-enhanced bond rupture,[55] the factor of
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17 enhancement of activation rate in P1:1 as compared to P1:4, would hint
at a factor of In(17) = 2.8 difference in the effective energy barrier for
cycloelimination, provided solely by the chain architecture. This implies
that the susceptibility to activate extended 7-conjugation in these semi-

conducting polymers can be tailored by the chain architecture.

Increasing the degree of anthracene doping in these polymers there-
fore increases the internal pre-strain on the DA adducts and thereby ef-
fectively lowers the energy barrier for deprotection. Hence, it is a reason-
able assumption that this difference should also reveal itself in the mechano-
chemical activation of the retro DA reaction without any thermal triggers.
DA adducts of anthracene have been used previously as mechanophores
for detecting mechanical damage with turn-on’ fluorescence.[52, 44, 56,
46, 45, 47]

To explore the response of the DA-protected polymers to mechan-
ical stimulation, we subjected solutions of these polymers in xylene to ul-
trasonication. The design of our polymers does not include a polymeric
handle on the maleimide to supply a tensile force to the involved sp? car-
bons. As a result, the retro DA reaction can only be induced by a flexural
mechanism.[52, 53, 54] In Fig. 5.6 we show emission spectra for the mech-
anical activation of P1:1-DA to P1:1 as a function of time. Clearly, mech-
anical stress imposed on these alternating polymers with a large internal
pre-strain induced activation resulting in distinct spectroscopic shifts. In-
terestingly, we observe that the two main fluorescence emission bands are
found at 390 nm and 415 nm, which is dissimilar to the 390 nm and 440
nm bands observed during the thermal retro DA experiments. This most
likely stems from obtained gradient conjugation along the polymer back-
bone as mechanochemical conversion decreases gradually from the cent-
ral polymer part to its chain end periphery where it almost completely
ceases. Furthermore, the polymers are relatively short, which renders the
imposition of forces onto the backbone and towards the mechanophore
more difficult.[57]
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Figure 5.6: Fluorescence emission spectra of P1:1-DA during ultrasonication
experiments at 0 h, 4 h and 48 h (open symbols). Solid lines are a multi-Gaussian
fit for spectral deconvolution (black line).

By contrast, P1:4-DA, which we speculated to have a lower internal
pre-strain on the basis of thermal retro DA experiments, did not show
any signs of mechanical activation during the same experiment, even after
48 h of ultrasonic treatment. It thus becomes clear that the effect of pre-
strain imposed by chain architecture has a considerable effect on the sus-
ceptibility of the polymers with gateable conjugation towards their mechano-

chemical activation.

In summary, we here showed how the use of anthracene-based DA
mechanophores as building blocks in the main-chain of semiconducting
polymers can be used to introduce conjugation gating in these systems.
Moreover, we have found that changes in the doping degree can result in
tunable mechanical and thermal susceptibility for the conversion of the
protected to the native state which features extended 7m-conjugation. Tun-

ing the mechanochemical susceptibility of these polymers could in prin-
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ciple be expanded by attaching polymeric tethers to the alcohol group of
the maleimide creating brush-like polymers where the attachment of dif-
ferent chain length polymer tethers can influence the translation of forces
to a central mechanophore without changing the mechanical activation of
the mechanophore.[57] Since the change in main-chain architecture does
not modify the chemistry or bond strength of the maleimide-anthracene
DA adduct, the resulting differences in susceptibility to activation must
originate from conformational strain in the backbone. The ability to tune
this pre-strain by changing the architecture of the backbone creates an
additional methodology to directly change the relative force required to
activate the mechanophore. Additionally, the incorporation of a small
molecule mechanophore into the framework of a conjugated polymer
backbone enables continuous monitoring of the degree of activation of
the complete macromolecular sensor. Because this can be done spectro-
scopically, this gives access to this information with high temporal and
spatial resolution and goes beyond the ‘on/off’ response obtainable by a
molecular DA adduct-based mechanophore.
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5.3 Appendix

Methods

Chemicals

All chemicals and solvents were purchased from Sigma Aldrich (Merck)
Europe, TCI Europe or Biosolve and used as received, unless stated oth-

erwise.

5.3.1 Synthesis of P1:4 via Suzuki-Miyaura polymerisa-
tion [1]

To a 250 mL flask, 1396 mg (2.5 mmol) dioctyl fluorene diboronic acid
propanediol ester, 822 mg (1.5 mmol) 9,9-dioctyl-2,7-dibromofluorene,
336 mg (1 mmol) 2,6-dibromoanthracene were added. The monomers
were dissolved in 50 mL toluene, to which a catalytic amount of Aliquat
336 was added. Then, 40 mL of a 2 M aqueous solution of K,CO3 were
added to the reaction mixture. The mixture was stirred and degassed by
bubbling with Ny for 45 min. To the deoxygenated mixture was added
2 mol%/(mol monomer) of the catalyst Pd(dppf)Cl,. The flask was sealed
and left to react at 100 °C for 96 h in the dark. After completion, 75
mL of toluene were added to the reaction, and the organic phase pre-
cipitated into a mixture of MeOH and 1 M HCI. The product was pur-
ified by extensive Soxhlet extraction (2 d methanol, 2 d acetone and 1 d
hexane). The product was collected by Soxhlet extraction against CHCl3,
concentrated by rotary evaporation, precipitated into MeOH and dried in
vacuo. Yield: 1.20 g (68 %). 'H-NMR (400 MHz, CDCl;, 300 K): § (ppm) =
8.59(s), 8.34(s), 8.14(d), 7.95-7.5(m), 2.12(s), 1.15(s), 0.84(s). 13C-NMR (400
MHz, CDCl;, 300 K): 6 (ppm) = 152.09, 140.62, 132.42, 125.94, 120.37,
55.36,39.00, 31.81, 30.06, 29.24, 22.62, 14.08. GPC (against PS standards):
M, = 21.8 kg-mol~!, M,, = 42.5 kg-mol~! and D, = 1.95.
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Weight Averages
[ Peak | Mp (g/mol) | Mn (g/mol) | Mw (g/imol) | Mz (g/mol) | Mz+1 (g/mol) | Mv (g/mol) | PD
[Peak 1 | 30870 21810] 42522| 75348 113577] 70110] 1.95

Distribution Plot

aW/dLogh
(%)

Fittad MW (a/mol)

Figure 5.8: GPC elugram of P1:4.

5.3.2  Synthesis of P1:4-DA

In a 25 mL glass vial, 300 mg of polymer P1:4 (synthesized as described
above) and a large excess of N-(2-hydroxyethyl)maleimide (50 mg) were
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dissolved in xylenes. The mixture was deoxygenated by bubbling with N»
for 10 min, after which the vial was hermetically sealed. The reaction was
performed at 130 °C overnight, gradually transforming from a bright yel-
low to a pale yellow and transparent solution. The reaction mixture was
filtered and concentrated before precipitation into cold MeOH, result-
ing in a light yellow solid obtained in quantitative yield. "H-NMR (400
MHz, CDCl;, 300 K): § (ppm) = 8-7.4 (m), 5.02(s), 3.42(s), 3.18(d), 2.12(d),
1.15(s), 0.83(s). 3 C-NMR (400 MHz, CDCl;, 300 K): 6 (ppm) = 151.83,
140.05, 126.18, 121.50, 119.99, 60.44, 55.35, 45.67, 40.39, 31.81, 30.05,
29.23,23.91, 22.61, 14.08.
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Figure 5.9: 'H-NMR of P1:4-DA.

5.3.3 One-pot synthesis of P1:1-DA

First, we prepared the Diels-Alder adduct of 2,6-dibromoanthracene and
N-(2-hydroxyethyl)-maleimide. To a 25 mL glass vial, were added 300
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mg (0.89 mmol) 2,6-dibromoanthracene, 189 mg (1.34 mmol, 1.5 X excess)
N-(2-hydroxyethyl)maleimide and 10 mL toluene. The mixture was de-
gassed by bubbling with N5 and sealed hermetically. The mixture was left
to react at 130 °C overnight in the dark. The reaction mixture, now col-
orless and transparent, was cooled to room temperature. To this mixture
was added 572 mg (0.89 mmol) 9,9-dioctyl-9H-fluorene-2,7-diboronic
acid bis(pinacol) ester, a catalytic amount of Aliquat 336 and 10 mL of
a 2 M aqueous solution of K,CO3 (deoxygenated by purging with Ny for
30 min prior to addition). The reaction mixture was degassed by purging
with Ny gas for 15min. To this, 2 mol%/(mol monomer) of the catalyst
Pd(dppf)Cly; were added under an Ny atmosphere. The vial was sealed
and further deoxygenated by repeated vacuum/Nj cycles. The mixture
was left to react for 4 d at 110 °C in the dark. After cooling to RT, the or-
ganic phase was precipitated into cold MeOH. The precipitate (light grey
solid) was dried in vacuo. Yield: 558mg. 'H-NMR (400 MHz, CDCl;,
300 K):  (ppm) = 7.9-7.15 (m), 5.0(s), 3.41(s), 3.21-3.15(m), 3.02(s), 1.06(s),
0.8(s), 0.7(s). *C-NMR (400 MHz, CDCl;, 300 K): § (ppm) = 179.92,
162.31, 153.57, 126.17, 122.17, 122.41, 119.47, 59.02, 54.80, 45.02, 36.51,
31.39, 30.49, 29.59, 23.19, 14.45. GPC (against PS standards): M,, = 6.8
kg-mol !, M, = 12.9 kg-mol~* and D, = 1.9.

5.3.4 Synthesis of T1

Ina 25 mL vial, 100 mg (0.21 mmol) dioctyl fluorene bisboronic acid and a
large excess (1 mL, 6 mmol) bromobenzene were dissolved in 5 mL tolu-
ene. To this, 5 mL of a 2 M aqueous NayCOg solution was added and
the mixture degassed by purging extensively with Ns. Then, 5 mg of the
catalyst Pd(dppf)Cl; was added and the vial was sealed. The reaction was
allowed to proceed overnight at 90 °C in the dark. After cooling to RT,
the organic phase was extracted with CHCl3. The organic phase was dried
over MgSO, and passed over a basic alumina flash column to remove the

catalyst. The solvent and excess bromobenzene were removed by rotary
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Figure 5.10: 'H-NMR of P1:1-DA.
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Figure 5.11: GPC trace of P1:1.

evaporation. Yield: 40 %. 'H-NMR (400 MHz, CDCl;, 300 K): § (ppm) =
7.80-7.41 (m, 16H), 3.15(m, 4H), 1.19(t, 20H), 0.87 (s, 10H).
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Molecular Weight Averages
Poak | Mp (g/mol) | Mn (g/mol) | Mw (g/mol) | Mz (gimol) | Mz+1 (g/imol) | Mv (g/mol) | PD
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Figure 5.13: 'H-NMR of T1.

GPC

Samples were prepared by dissolving 5-10 mg of polymer in 2 mL of
chromatography-grade CHCl3. The samples were heated gently to aid



128

REFERENCES

dissolution and left to dissolve overnight under continuous agitation. All
samples were filtrated over a 0.2 um PTFE filter prior to injection into
the column. Measurements are performed with chloroform as eluens at
a flux of 1 mL-min~" at 35 °C. Molar masses were calibrated against PS

standards.

Spectroscopy

All optical spectroscopy experiments were performed in toluene solu-
tions, containing 5 pg-mL~! of polymer, filtered over a 0.2 yum PTFE
filter into quartz cuvettes. Absorption spectra were recorded on a Shi-
madzu UV-2600 UV-Vis spectrophotometer. All fluorescence excitation,
emission and lifetime measurements were performed on an Edinburgh
FS5 spectrometer, equipped with 372 nm and 405 nm pulsed lasers and
Time-Correlated Single-Photon Counting module for lifetime measure-
ments. All depicted spectra are an average of two consecutive measure-
ments. Fluorescence lifetimes were obtained from a lifetime-distribution

fitting procedure performed in DecayFit 1.4 from FluoroTools.

5.3.5 Kinetics of the thermal retro Diels-Alder reaction

Stock solutions of Diels-Alder protected polymers were prepared in a
mixture of (1:1) p-xylene:DMF. Samples were heated to 120 °C for two
minutes and subsequently filtered over a 0.2 um PTFE filter to ensure a
homogeneous solution at ¢ = 0. Solutions were degassed with Ny and
sealed in a glass microwave vial. The thermal retro DA reaction was per-
formed under microwave heating in a Biotage Initiator+ microwave. The
solutions were heated at 220 °C for a pre-determined time interval, rap-
idly cooled (in 30 s) and a aliquot withdrawn by a syringe from the septu-
mated vial. The aliquots were diluted in toluene prior to recording their
fluorescence emission spectra.

Deconvolution of the measured emission spectra was performed by



multi-Gaussian curve fitting, using a custom routine programmed in Mat-

Tassnm—f-Ta17nm
1438nm+1417nm

f is a factor that specifies the ratio of the first and second vibronic peaks

Lab. The conversion fraction was calculated as ¢ = , where
of the spectrum at £ = 0. This compensates for the spectral overlap of the
two states. More precisely, it corrects for the contribution of the starting
material’s fluorescence emission peaks (417 nm and 438 nm) to the first

fluorescence emission peak of the product (438 nm).

5.3.6 Mechanochemical activation of the retro DA reac-
tion by ultrasonication

Sonication experiments were performed on solutions of the DA polymers
dissolved at 0.5 mg-mL~! in a 1:1 mixture of xylenes:DMF. These solu-
tions were subjected to ultrasonic treatments using a immersion probe
sonicator (Bandelin Sonopuls GM70, maximum output power 20W) equipped
with a MS72 sonication needle, at an output power of 70 % and 1 s 'on’/1
s ‘off’ pulse sequence. Samples were thermostated at room temperature

during the sonication treatment.
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Chapter 6

Fragility and Strength in
Nanoparticle Glasses

Glasses formed from nano- and microparticles form a fascinating test-
ing ground to explore and understand the origins of vitrification. For
atomic and molecular glasses, a wide range of fragilities have been ob-
served; in colloidal systems these effects can be emulated by adjusting the
particle softness. The colloidal glass transition can range from a super-
exponential, fragile, increase in viscosity with increasing density for hard
spheres to a strong, Arrhenius-like, transition for compressible particles.
However, the microscopic origin of fragility and strength remain elusive,
both in the colloidal and the atomic domain. In this Chapter, we pro-
pose a simple model that explains fragility changes in colloidal glasses
by describing the volume regulation of compressible colloids in order to
maintain osmotic equilibrium. Our simple model not only provides a mi-
croscopic explanation for fragility, but we show that it can describe exper-
imental data for a variety of soft colloidal systems, ranging from micro-
gels to star polymers and proteins. Our results highlight that the elastic
energy per particle acts as an effective fragility order parameter, leading
to a universal description of the colloidal glass transition.

This chapter was published as:

P. van der Scheer, T. van de Laar, J. van der Gucht, D. Vlassopoulos and J.
Sprakel: Fragility and Strength in Nanoparticle Glasses, ACS Nano. 11 (7)
(2017), 6755-6763.
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6.1 Introduction

Suspensions of colloidal hard spheres vitrify when the particle volume
fraction ¢ is increased beyond the colloidal glass transition, often identi-
fied to occur at ¢, ~ 0.59 [1, 2]. Upon approaching the glass transition,
the structural relaxation time of the suspension 7 grows rapidly and fin-
gerprints of the glassy state emerge, such as heterogeneous dynamics[3, 4,
5], long-lived local structures|[6, 7] and percolating networks of mechan-
ically bonded neighbors[8, 9]. Mode coupling theory (MCT) [10] has been
successfully used to demarcate the transition from freely flowing fluid to
a glassy state at ¢,. On the other hand, experiments suggest that this col-
loidal glass transition does not involve ergodicity breaking as predicted
by MCT, but that this occurs only at slightly higher volume fractions[11].

For molecular and polymeric glasses, Angell proposed a classifica-
tion scheme depending on how steeply the liquid viscosity 7 rises as the
glass transition temperature 7}, is approached [12]. When 1) shows a very
steep, super-exponential increase with 7'/, the glass is denoted as "fra-
gile". By contrast, when 7 grows more gradually, following an exponential
Arrhenius-law, the glass is classified as “strong". In other words, in a fragile
glass former, even small changes in temperature can have dramatic effects
on the liquid viscosity; the viscosity is more robust to small temperature
fluctuations in a strong glass.

In suspensions of nanoparticles or colloids, the phase behavior of the
system is governed by the volume fraction rather than temperature. For
hard spheres, the structural relaxation time 7, which is proportional to
the suspension viscosity, rises superexponentially as the volume fraction
approaches its glass transition point ¢,. As a result, the hard-sphere glass
can be classified as fragile, in analogy with the concept of fragility and
strength for glasses formed by atomic, molecular or polymeric building
blocks [12].

Also soft and compressible particles, such as microgels [13, 14, 15],

star polymers [16, 17] and even globular proteins [18, 19] and cells[20, 21],
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exhibit a glass transition when their packing fraction approaches a crit-
ical value. However, for many of these soft systems, the fragile transition
gradually gives way to a much weaker and exponential growth of the re-
laxation time 7 o< e?/%9 [13, 20], resembling strong, Arrhenius, glasses in
the molecular realm [12]. In particular for sufficiently soft microgels, ul-
trasoft polymer stars and suspensions of cells, a pure Arrhenius behavior

has been observed experimentally [13, 16, 17, 20].

This raises the intriguing possibility that the entire range of fragility
and strength known to exist for molecular systems, may be explored by
studying glasses of colloids with varying softness. For example, for mi-
crogel suspensions it has been demonstrated that a transition from fra-
gile to strong glass forming behavior could be induced solely by changing
the elasticity of the individual particles. Clearly, a connection must exist
between the elasticity at the scale of a single particle, and the nature of
the glass transition at the macroscopic scale. For metallic glasses, such a
connection was recently established quantitatively in which the "softness"
of the interatomic repulsions acts as a tuning fork for fragility [22, 23].
However, such a framework does not yet exist for glasses formed from
nanoparticles and colloids. As a result, a universal description of the glass
transition that explains the origins of fragility and strength has to date

remained unavailable.

In this chapter we propose a description for the microscopic mech-
anism of fragility transitions in glasses of compressible colloids, based
on the regulation of osmotic equilibrium. Using a simple phenomenolo-
gical model we show how apparent changes in fragility can arise when
the particle softness is varied. We find that the elastic energy per particle
acts as an effective order parameter for the fragility of the glass transition.
A qualitative comparison of our model with experimental data suggests
that a fragile-to-strong transition can be induced not only by increas-
ing particle softness, but also by decreasing the particle size. Our results

provide a framework to explain the underlying mechanisms that control
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the nature of the glass transition in a variety of colloidal systems.

6.2 Theoretical framework

In most experiments with purely repulsive colloidal suspensions, the phase
behavior is controlled by the particle volume fraction ¢. For hard and
incompressible colloids, the state parameter is unambiguously defined
as ¢ = n%wa?’, where 7 is the number concentration of particles with
radius a. For compressible particles however, defining the real particle
volume fraction is more difficult. As n increases, the osmotic pressure of
the bath, comprised of all particles immersed in their solvent, grows. To
maintain osmotic equilibrium, compressible particles, which are equilib-
rated with their surroundings, must increase the pressure in the particle
interior. This is accomplished by their deswelling, which increases the
internal osmotic pressure of the polymer network.

Due to this osmotic equilibrium, the volume of compressible particles
is not constant but becomes a function of n and as such the linear rela-
tion between number density and volume fraction is lost. The osmotic
deswelling of individual compressible nano- and microparticles has been
studied in detail previously[24, 25, 26, 27, 28, 29]. In experiments on mi-
crogels, the particle volume fraction is typically measured in dilute con-
ditions and extrapolated to the concentrated regime. This extrapolated
packing fraction, which is the experimental control parameter being used,
is defined as ( = n%wag, with ag the particle size at infinite dilution
¢ — 0.

Notably, ( is linear in n, but not in ¢[30]; for highly compressible
particles, such as soft microgels, ( may thus increase well beyond unity
when a < ag. Due to the non-linearity between ( and ¢, this discrep-
ancy cannot be resolved by normalising ( to a characteristic state point in
the particle phase diagram, for example the freezing point or glass trans-

ition. To resolve this, we propose a simple qualitative model that accounts
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Figure 6.1: a) Real volume fraction ¢ versus experimental control parameter ¢
as a function of particle elasticity, for (top to bottom) k = 1 - 10%,1-103,5-102,
2-10% 1 -10? and 5 - 10" Pa, with ap = 50 nm and ¢, 0 = 0.1 b) Extent of
osmotic deswelling a/aq with increasing particle volume fraction for the same
settings as in a).

for osmotic shrinkage of compressible particles upon approaching their
glass transition. Previously, osmotic shrinkage of compressible spheres
has been postulated to lead to the lack of a glassy state all together[31] but
a direct link to changes in glass fragility has not been established.

We model colloidal spheres, with equilibrium radius a(¢ — 0) = ay,
where the internal volume fraction of osmolyte ¢, = ¢, . For example
for microgel colloids, or polymer stars, ¢, represents the volume frac-
tion of polymer segments within the particle. The microscopic details of
the internal equation of state, which governs the balance between osmotic
and elastic pressure within a particle,11;,,, vary greatly among different ex-
perimental systems. Yet, all systems in osmotic equilibrium with a bath of
pure solvent must satisfy: I1;, (¢,0) = 0. For microgels, this is achieved
by balancing a positive contribution to the internal pressure due to mixing
of chains and solvent with a negative contribution resulting from entropic
chain elasticity, commonly expressed within the Flory-Rehner theory for
gels [32].

Rather than using a microscopic theory, such as the Flory-Rehner the-

ory for hydrogels or the elastic description of single particle micromech-
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anics proposed recently by Riest et al[29], to describe a specific type of
compressible spheres, here we start with a phenomenological description
of the internal equation of state at a qualitative level such that analytical
results can be obtained. The aim of this paper is to arrive at a conceptual
understanding of fragility in compressible sphere packings; of course, for
specific systems a more quantitative description can be derived if the in-
ternal equation-of-state, and that of the suspension bath, are known a-
priori.

Here we use a phenomenological form for the sake of simplicity, in-
spired by the mean-field description of polymers in the marginal (i.e. theta-
solvent conditions) and semi-dilute regime II o ¢12, [33]. Given the addi-
tional constraint that 11;, must be equal to the external pressure at equi-
librium, which is zero for very dilute suspensions, we use the functional

form:

iy =k (¢12: - 112),0) (6.1)

where k is an effective stiffness of the particles. We note that this can be
easily changed to good-solvent conditions by changing to a power of % in-
stead of 2. Since ¢,,/¢, 0 = aj/a’, the internal pressure can be rewritten

as

> (ag
a

As the overal particle concentration n increases, a significant colloidal os-

motic pressure I1,,; will develop in the bath, which we describe with the

empirical equation of state proposed by Speedy [34]:

kT
M, = 220 (6.3)

1 — 20
in which kgT is the thermal energy and s; and s, are numerical con-
stants. For hard spheres, it can be parametrized with s; ~ 2.55 and

Sy = 1/¢rp ~ 1.55, in which ¢,, is the random close packing frac-
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tion. Here we choose this description for the equation-of-state of the
bath as it describes the pressure at finite volume fractions reasonably well
and its simple form allows solving the equations analytically. The Speedy
equation-of-state does not accurately represent the limit of ¢ — 0; how-
ever, this limit is not considered in the present work, hence we do not

pursue this point further.

The underlying assumption in choosing this form is that in the limit
of full deswelling of the particles, when ¢, — 1 and all solvent is expelled
from the particle interior, the initially soft particles become incompress-
ible which must lead to a divergence of the bath pressure. Moreover, this
implies that at equilibrium, the bulk modulus K of the particles must
be a function of its degree of deswelling. Within our approximate and
phenomenological approach, the bulk modulus of the particles is indeed
density-dependent and can be defined as K = ¢,dlIl;,/d¢, = 2k3¢]23.
We note that, also here, for a quantitative description, the bath equation-
of-state of the specific system must be known; for example in experi-
ments on microgels, such as those revealing the fragility transitions with
softness[13], charged residues on the particles will significantly alter the
magnitude of the bath osmotic pressure. In fact, it is the ratio of the in-

trinsic particle softness & to the bath pressure that governs the behavior.
Using ¢ = a3(/a}, we find:
3kpT's1C

I, = - 6.4
" dm (a3 — s903C) (64

At each (, a new equilibrium is established by reducing the particle size

a < ag, simultaneously increasing I1;, and reducing the bath pressure

until IT;, = I1,,;. With
a 3
A= <—> (6.5)
Qo

and
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381 kBT

= 6.6
A7 59 k¢§70a8 (6.6)
we can define the equilibrium condition as:
1—\?
¢ = (6.7)

So (ANZ — N3+ )
which gives direct access to the relationship between number density and
volume fraction . Interestingly, the extent to which osmotic balance cre-
ates a non-linearity between ¢ and ( is governed solely by the normalised
elastic energy per particle kaj /kpT, with k = k¢?2 , the intrinsic particle
elasticity. The elastic energy per particle is directly coupled to the external
equation-of-state, since 3s1 /4wy A = l?;a% /kgT), such that 'softness’ can
be defined as the relative resistance to volume changes of the particles as
compared to how steep the osmotic pressure in the bath grows with ¢.

In the limit of very soft particles lzia% < kgT, so that osmotic shrink-
age is strong A < 1. In this limit Eq.6.7 is approximated as

¢~ 1/s9 (AN + X) (6.8)

1 / 4A
>\~ﬂ< 1+g—1> (6.9)

At high number densities, { > A, this leads to A & 1/s,(. With ¢ = (),
we find ¢ =~ 1/s5 = ¢,¢p. This implies that for very soft particles at suf-

which yields

ficiently high number concentrations, the system equilibrates at random
close packing; addition of more particles results in a proportional iso-
tropic compression of the system such that the volume fraction remains
constant; this could explain the lack of a glassy state in certain cases[31].
We finally note that in this derivation we assume that the particles re-

spond to increasing particle density by osmotic deswelling only, and thus



RESULTS & DISCUSSION

that particle deformation can be ignored. This implies that the particles
we describe have a Poisson’s ratio v < (.5, which is a reasonable assump-

tion for hydrogel systems under the appropriate conditions[35].

6.3 Results & Discussion

We first evaluate the effect of particle softness, regulated by £, on the rela-
tionship between real volume fraction ¢ and extrapolated packing para-
meter (. For small colloids, ag = 50 nm, a significant bath pressure de-
velops already at moderate volume fractions. When the particles are stiff,
the hard sphere limit k = oo is approached for which ¢ = ( (dotted line
Fig.6.1a). When the effective particle elasticity is reduced, and osmotic
regulation effects become pronounced, the non-linearity between ¢ and
the real volume fraction ¢ grows. The corresponding osmotic shrinkage
of the particles, expressed here by the deswelling ratio a/ag, as shown in
Fig.6.1b, can be very strong for the softest particles, with actual radii a(¢)
more than a factor of 3 smaller than their fully swollen dimension ay, at
reasonable volume fractions; this is in direct agreement with experiments
on microgel particles[36, 30].

To explore the implications this pronounced osmotic shrinkage has
on the apparent fragility of the glass transition we adopt the ansatz that
structural relaxation slows down universally with ¢ below the ideal mode-
coupling glass transition. The structural relaxation time, normalised to
the characteristic time of unhindered Brownian diffusion, 7 /7 is thus
assumed to be described by a single equation as a function of ¢. To this
end, we use an equivalent of the classical VFT equation in which particle

volume fraction governs the dynamics[37, 11]:

log (1) _ ¢ (6.10)

To

where C' is a numerical constant and ¢, is a critical volume fraction at
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Figure 6.2: a) Structural relaxation time 7, normalised to the Brownian time
scale 7y, as a function of extrapolated particle packing fraction ( for (solid lines,
top to bottom) k = 20,10, 5, 3.5, 2 and 1 Pa, with ap = 50 nm, using Eq.6.7.
Symbols: experimental data for colloidal hard spheres from [11] fitted to the VFT
equation as described in the text (dotted line). b) Same data as in a) in the so-
called Angell representation where the packing fraction is normalised to the glass
transition (4. ¢) Angell plot for theoretical predictions using the harmonic ap-
proximation for I;, (Eq.6.11) for x = 350, 400, 500, 600, 1000 and 5000 J/m?.
d) Angell plot for theoretical predictions using the Flory-Rehner equation of state
(Eq.6.12) for N, = 100, 500, 1000, 2000, 3000 and 4000.

which the system becomes non-ergodic. According to extensive light scat-
tering experiments on colloidal hard spheres [11], the point of ergodicity
breaking lies above the MCT glass transition ¢. > ¢,. For the purposes
of this manuscript, we parameterise the VFT law by fitting it to experi-
mental data for hard spheres (k ~ o0) as reported by Brambilla et al. [11]
(symbols Fig.6.2); these experimental data are well fitted by C' = 0.7 and
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¢, = 0.625 (dotted line Fig.6.2).

Having expressions for both 7(¢) and ¢(({), we can now explore how
suspensions of compressible colloids vitrify by reconstructing 7 (), which
is typically measured in experiments. Our simple model qualitatively re-
produces the results observed experimentally for microgel colloids[13],
where 7 /7y grows more slowly for softer particles, and extrapolated pack-
ing fractions of well over unity are required to reach the glassy state (Fig.6.2a).

To evaluate the fragility of these predicted glass transitions, we first
define the glass transition as the packing fraction where 7 /75 = 105, fol-
lowing Mattsson et al. [13]. For the hard sphere data of Brambilla et al.
[11], this yields ¢4 ~0.59, in agreement with MCT predictions and exper-
imental findings[10, 2]. Having defined ¢, we can replot our predictions
in the Angell representation [12, 38], where the relaxation time is plot-
ted as a function of the rescaled packing fraction (/(,; indeed our model
reproduces the experimentally observed fragility transition[13] with de-
creasing k (Fig.6.2b).

One may wonder if the observed fragility change as a function of
particle softness is a robust feature of any system which exhibits osmotic
regulation, many of which will have a different form of their internal
or external equation-of-state as compared to the choices above. For ex-
ample, we can argue that close to their equilibrium size a, for small de-
grees of deswelling a/ay ~ 1, the free energy of a single compressible
particle may be considered to be parabolic: AG = r(a— ag)?, in which k

is the spring constant, a related measure for the particle softness as com-
pared to k, but with different dimensions. Since I1;, = —dAG/dV and

3

the particle volume V' = §7Ta , we have:

- —3dAG  —3k(a — ap)
" dralda 2ma?

Also for this form of the internal pressure, using the Speedy equation-of-

(6.11)

state for the bath, we can predict how the relaxation time grows with (.

We solve these equations numerically, and find that also for this differ-
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ent shape of the internal equation-of-state, a fragile-to-strong transition
emerges upon changing the spring constant « (Fig.6.2c). This highlights
how the conceptual idea that osmotic equilibrium governs the fragility of
the colloidal glass transition is not sensitive to the exact choice for the in-
ternal pressure. It is interesting to note that the "strong" limit of our model
does not produce a true Arrhenius curve, since some curvature remains
at low values of ¢ where the efects of osmotic regulation are weak and
the inherent curvature in 7(¢) of the VFT equation remains. Thus, the
analogy with Arrhenius behavior is only an apparent one and not truly
reflective of a pure exponential decay of relaxation rates with ¢ /(.

For certain specific soft sphere systems, more precise and microscopic
descriptions of the internal equation-of-state exist. One particular ex-
ample is the Flory-Rehner swelling theory that describes the internal pres-
sure of uncharged microgel particles as a balance between a mixing term
to promote swelling and the entropic elasticity of the polymer segments
between crosslinks that counteracts swelling. Within this framework the

internal equation of state can be written as [39]:

13
k

¢ . gb ¢ 1/3
In(1 — Al el e
[(bp +In(1 — ¢p) + X(]ﬁp} N, |bpe (qbp,c)

(6.12)
which is governed by microscopic properties such as the monomer di-
mension [ and the solvent-polymer interaction parameter x and the poly-
mer volume fraction of the collapsed particle ¢, . where the elastic con-
tribution to the internal pressure vanishes. Softness is controlled by the
crosslinking density, which determines the number of monomer repeat
units between crosslinks /V,,, which is thus an inverse softness parameter
within this model.
Aiming to describe for example pNIPAM microgels, we choose [}, = 1
nm, ¢,. = 0.5 and good solvency such that x = 0. Indeed, also for

this microscopic internal equation-of-state, an apparent fragility trans-
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ition emerges upon changing the crosslinking density /V, (Fig.6.2d). We
note that the values of NV, required to induce fragility changes are some-
what higher than those expected in experiments [13]; we attribute this to
the fact that we assume a hard-sphere equation of state for the bath, while
these experiments worked with partially charged microgels, in which the
bath pressure rises much more steeply thus resulting in effectively softer
particles, as discussed in more detail below. Finally, we observe that the
exact line shape of 7 versus (/(, differs depending on the choice of the
internal equation of state. This may hold the promise of deducing the
internal equation-of-state of compressible particles from high-resolution
measurements of the structural relaxation time and to quantify their soft-

ness directly.

To further validate the predictions of our model, we collect published
data for particle self-diffusion in a variety of systems composed of com-
pressible spherical objects, ranging from microgels of different softness
[13, 40], star polymers [37] and globular proteins [41] (symbols in Fig.6.3).
While the microscopic mechanisms with which osmotic equilibrium is
regulated differ between these systems, as does the exact form of the equation-
of-state, we fit all these data with the analytical form of our model (Eq.6.5-
6.7). Since ag is known from the experiments this leaves k as the only
adjustable parameter. We note explicitly, that a comparison of the abso-
lute values of k are meaningless, since the underlying equations-of-state
for these different systems are not the same; hence the value of k needed
to fit the data is the effective softness of these particles with the Speedy

equation-of-state as an internal standard.

Nonetheless, the line shape, and entire range of experimentally ob-
served fragilities in these soft colloidal systems can be qualitatively repro-
duced with a simple phenomenological model (drawn lines Fig.6.3a). This
highlights how fragility transitions in colloidal systems can be the direct
result of osmotic regulation of particle size, providing a mechanism of

feedback between number density, particle size and thus volume fraction
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Figure 6.3: a) Angell plot for various systems of compressible spheres, symbols
(defined in legend): experimental data for hard spheres (ag ~ 130 nm) [11], vari-
ous microgels (ag ~ 90 nm)[13, 40], star polymers (ag ~ 20 nm) [37] and the
globular protein bovine serum albumin (ag ~ 5 nm) [41], drawn lines: predic-
tions from the model as outlined in the text with & as the adjustable parameter,
b) fragility index m as a function of ka} as predicted by the model (line) and for
the data sets in a) (symbols), ¢) intensity correlation functions from dynamic light
scattering for uncharged polystyrene microgels with (from left to right) { = 0.64,
0.88, 1.02, 1.03, 1.19, 1.25, 1.30, 1.35, d) Angell plot for compressible colloids of
varying charge density: hard spheres [11], weakly charged microgels [13, 40],
uncharged microgels from c), and highly charged microgels [36], drawn lines:
predictions from the model.

and the macroscopic structural relaxation time. This provides a theoret-
ical foundation to the idea put forth by Mattsson et al. that the fragility
changes in microgel suspensions are directly related to local elasticity [13].

Above we have shown how the steepness with which the structural relax-
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ations slow down as the particle concentration is increased are governed
by the parameter ka3. This implies that not only the particle softness,
expressed by k, but also the particle size has an effect on the fragility of
the glass. In other words, hard colloids may make strong glasses if the
particles are small enough, and soft colloids may make fragile glasses if
they are sufficiently large. To make this idea more quantitative, we can

compute the kinetic fragility index from the data for 7(() as:

_ dlog(r/m) 6.13)

d(¢/¢) o=,
We note that this is an approximation to the kinetic fragility index that
is defined as the local slope of the viscosity with temperature in atomic
and molecular glass formers. While a more proper analogy would use the
pressure rather than packing fraction[42], this is experimentally intract-
able and beyond the scope of this paper. Thus, to allow for a comparison
to experimental data we use the slope of relaxation time versus packing

fraction as a proxy for the kinetic fragility index of the colloidal glass.

The lower limit of m, for strong glasses that exhibit ideal Arrhenius
behavior, is set at m =5, by our definition of the glass transition at log(7 /1) =
5. At the other extreme we have the hard sphere glass transition, as the
most fragile case of fully incompressible particles, which has m ~ 37

based on experimental data [11].

Interestingly, when the elastic energy per particle is kaj < kT, os-
motic shrinkage is pronounced, which results in strong glasses, such as
for the softest microgels (Fig.6.3b). When kag becomes of the order of the
thermal energy, the intrinsic particle elasticity effectively competes with
the pressure which develops in the bath, and the transition becomes in-
creasingly fragile until the hard-sphere limit is reached when kaj >> kT
(Fig.6.3b). The bulk elastic energy per particle thus acts as an order para-
meter for the fragility of the colloidal glass transition. Indeed, the exper-

imental data can be collapsed onto the predicted relation between the fra-
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gility index m and the normalised particle elasticity when the experimentally-
determined fragility is plotted against kao/kpT, with k determined from
the fits shown in Fig.6.3a, and a taken from the experimental publica-
tions as indicated in the figure caption.

Our phenomenological model does not take the microscopic origins
of internal and external pressures into account. For example the Speedy
equation-of-state is only valid for particles interacting by volume exclu-
sion alone. Additional contributions, for example due to charges, will af-
fect the osmotic balance both inside the particles and in the bath. This can
have significant effects on the phase behavior of soft particle suspensions,
e.g. leading to the absence of a solid phase in fully ionic microgels even at
very high densities[31, 43]. For a comprehensive description of the swell-
ing behavior of ionic microgels which accounts for both polymeric and

ionic terms, we refer to Colla et al. [44].

To illustrate the effects of charges we start from published experi-
mental data for strongly crosslinked microgels, both for systems that are
highly charged [36] and microgels that carry a small amount of charges
due to the ionic initiator used during particle synthesis [40, 13]. As no
experimental data is available for microgels which carry absolutely zero
charges, we synthesize polystyrene microgels using a non-ionic initiator
resulting in particles free of ionic groups [45] (see also the Materials &
Methods section). These particles are suspended in a mixture of bromo-
and iodobenzene which is both a good solvent for the polystyrene gel net-
work and matches their refractive index. We determine the structural re-
laxation of suspensions of these uncharged microgels with dynamic light
scattering (DLS), as a function of (, which is determined by capillary vis-

cosimetry in the dilute limit.

With increasing particle concentration, the autocorrelation curves go () —
1 obtained from DLS experiments, show both the slowing down of particle
diffusion and the emergence of a plateau at intermediate times, indic-

ative of the formation of repulsive cages which hinder particle motion
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(Fig.6.3c). These data are consistent with DLS experiments on aqueous,
and slightly charged, microgels [40, 13]. We note that at very long lag
times £ > 500 s, a lack of statistics, due to the experimental aqcuisition
time leads to an artifical superexponential decay of the correlation func-
tion. Nonetheless, the data clearly show the glass transition as the particle
concentration is increased. We do not use the data beyond > 500s to
extract the characteristic structural relaxation time such that this does
not effect our results. For these uncharged microgels, the glass transition
is very fragile and virtually traces the hard sphere line with m = 37
(Fig.6.3d). For the weakly charged microgels a small decrease in fragil-
ity can be seen, whereas a nearly exponential, Arrhenius, behaviour res-
ults for highly charged microgels (Fig.6.3d). This, surprisingly, suggests
that a high concentration of charges, which increases the internal osmotic
pressure and thus provides additional resistance to deswelling, effectively
"softens" the particles by reducing the effective value of ka3 required to de-

scribe the vitrification with our phenomenological model (lines Fig.6.3d).

The counter-intuitive observation that charged microgels act "softer"
than uncharged particles at the same crosslinking density, is in agreement
with the observation that the osmotic deswelling of ionic microgels can be
so severe that the volume fraction at which a liquid-solid transition must
occur is not reached, even at exceedingly high values of the extrapolated
packing fraction ¢ > 35[31, 43]. This emergent softness was attributed to
the high osmotic pressure of the bath, governed by mobile ions unbound
to the microgel particles[46], which result in strong compression of the
particles as the solid-liquid transition is approached. This argument, and
its experimental proof [31], underpins the concept we have raised above,
that rather than particle softness alone, as hypothesized previously [13],
it is in fact the balance between the osmotic pressure of the bath and the
intrinsic softness of the particle that governs the solid-liquid transition
and its fragility. Even when the single-particle mechanics indicate a re-

latively high bulk modulus, if the bath osmotic pressure is high enough,
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for example due to the presence of ions or for sufficiently small particles,
osmotic deswelling may be significant, resulting in a strong rather than a
fragile glass. The unusually strong deswelling of ionic microgels further-
more leads to unexpected behavior, such as the strong shrinkage of large
microgels in a crystal of smaller particles to accomodate to the lattice and

minimize the energy penalty associated with defect formation[47, 48].

6.4 Conclusion

We have presented a simple model, based on the osmotic deswelling of
compressible colloids, which qualitatively captures fragility changes ob-
served in colloidal glasses. The change from a fragile to a strong glass
transition can be explained by a non-linear relation between the experi-
mental control parameter ¢ and the real particle volume fraction which
dictates the dynamics of the suspension. The degree of non-linearity de-
pends only on the elastic energy per particle, which thus serves as an ef-
fective order parameter for fragility. As the elastic energy per particle
scales inversely with particle volume, hard colloids may make strong glasses
and soft colloids may make fragile glasses depending on nominal particle
size, the particle softness and the equation-of-state of the bath. While the
phenomenological description we present provides new insight into the
nature of the colloidal glass transition at the macroscopic scale, it does not
yet account for spatial heterogeneity at microscopic length scales. Exper-
iments and simulations have shown that softness reduces both the mag-
nitude and spatial extent of dynamical heterogeneities [49] and extends
the validity range of the Stokes-Einstein relation to higher packing dens-
ities [50, 51]. Perhaps this can be explained by the weaker dependence of
relaxation time on local density for softer particles due to osmotic reg-
ulation. Extending the simple model proposed here to account for such
local effects could aid in elucidating the intriguing connection between

glass fragility and dynamical heterogeneity([52, 53, 54].
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6.5 Materials & Methods

We prepared stricktly uncharged microgels using a method described in
detail elsewhere [45]. Briefly, we dissolved 2 g sodium dodecyl sulfate in
320 ml deionized water in a round bottom flask. Seperately, we prepared
asolution of 96 g styrene, 6 g of the crosslinker divinylbenzene, 5 ml hexa-
decane and 1 g of the radical initiator 2,2-azobis(2-methylpropionitrile).
We mix the aqueous and monomer phase and first created a coarse pre-
emulsion by using a high-shear rotor-stator mixer. We subsequently formed
a stable mini-emulsion using high-intensity ultrasonication. After pur-
ging the reaction flask with nitrogen, we allowed the mixture to react
overnight at 65°C. The microgel particles were purified by precipitation
in cold methanol, filtration and drying in vacuo, followed by resuspen-
sion in THF and precipitation in methanol. This is repeated 3x to ensure
complete removal of surfactant and reaction byproducts. Finally we re-
suspend the microgels in THF to swell the microgels completely, which
allows any linear polystyrene to diffuse out of the microgels, which we re-
move by centrifugation at 30000 g and removal of the supernatant. This
was repeated three times to ensure complete removal of all linear poly-
styrene as confirmed by gel permeation chromatography. We then dried
the microgels in vacuo. The resulting particles have a hydrodynamic ra-
dius in the dilute limit of ag = 93 nm, measured in the index-matching
solvent.

Samples are prepared by suspending a known weight of dried mi-
crogels in an index-matching mixture of iodobenze and bromobenzene
(70:30 by volume). Samples are mixed extensively by vortexing and re-
peated centrifugation for the most viscous samples; in all cases, the sample
was centrifuged at 1500 g in the sample tube prior to measurement to re-
move any air bubbles and dust from the scattering volume. Samples were
equilibrated for at least 1 hour in the thermostated sample bath at 21°C
to ensure a homogeneous temperature within the sample. Measurements

were performed using a dynamic light scattering (DLS) setup based on



150

REFERENCES

an ALV/CGS-3 goniometer, equipped with an avalanche photon detector,
633 nm diode laser (JDSU) and dual ALV LSE-5004 hardware correlators
for cross-correlation. All measurements were performed at a scattering
angle of 150°, which gives a scattering vector ¢ = 4T’Tsing =0.02nm™*.
We note that to measure true self-diffusion, measurements should be per-
formed at scattering vectors ga < 27, with a the particle radius. For the

polystyrene microgels we study here, this implies a minimum scattering
vector of ¢ = 27” ~ 0.07 nm~! which is not attainable in this set-up.

Since our scattering vector was below this value, we probed dynamics on
somewhat larger characteristic length scales, which we took as a measure

of the sample’s viscosity or long-time particle self-diffusivity.
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Chapter 7

Two-dimensional crystals of star
polymers: a tale of tails

The formation of non-hexagonal crystalline structures by the organisa-
tion of colloidal nanoparticles often involves the use of complex particles
with anisotropic shape or interactions or the imposition of non-uniform
external fields. Here we explore how unusual symmetries can be created
using experimentally realistic particles that interact through isotropic and
purely repulsive potentials. In particular, we use simulations to explore
the phase behavior of two-dimensional systems of star polymers. We un-
cover how the tail of the pair potential has a large role in dictating the
phase behavior. Star polymers interacting in the far field with a Gaussian
potential only form hexagonal phases, while an exponential tail gives rise
to stable primitive oblique and honeycomb lattices. We identify the ra-
tio in strength between long and short range interactions and the nature
of the transition between these regimes as crucial parameters to predict
when non-hexagonal crystals of star polymers can be stable. This leads to
experimental design rules for creating star polymers which should exhibit
unusual lattice formation.

This chapter was published as:

I. Bos, P. van der Scheer, W. G. Ellenbroek and J. Sprakel: Deswelling and
Deformation of Microgels in Concentrated Packings, Soft Matter, 2019,15,
615-622
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7.1 Introduction

The self-organisation of colloids and nanoparticles into ordered two-di-
mensional lattices offers the potential for the creation of new electronic
and photonic metamaterials [1, 2, 3, 4, 5]. The symmetry of the two-
dimensional lattice, which governs the transport of electrons or photons
through the structure, is dictated by the interactions between the partic-
ulate building blocks. For particles interaction through relatively 'simple’
isotropic repulsive interactions, such as hard sphere-like or exponential
potentials, a hexagonal crystal is found to be the only stable solid phase
(6, 7, 8, 9]. Obtaining non-hexagonal crystal symmetries requires tailor-
ing of the pair interactions. For example, breaking the isotropic sym-
metry of the interaction forces can result in stable non-hexagonal crys-
tal monolayers; this can be achieved in a variety of ways, for example by
introducing shape anisotropy[10], chemically-reactive facets[3], a patchy
particle surface[11], directional attractions mediated by supramolecular
motifs [12], the use of bidisperse particle populations [13] or the imposi-
tion of non-uniform fields [14].

In the past decade, extensive computer simulations have revealed that
a plethora of non-hexagonal crystals and quasicrystals can also be formed
by particles that interact through isotropic potentials. For example, square
lattices can be stable in systems with a square softened single well [15],
whereas a double well leads to the formation of decagonal and dodeca-
gonal two-dimensional quasicrystals[16]. More complex and designed
potentials featuring multiple attractive minima and repulsive regions, can
give rise to the sought-after honeycomb lattice [17], which exhibits unique
electronic and photonic properties [3, 18]. Even with purely repulsive and
isotropic potentials, non-hexagonal crystals have been predicted to occur.
For example, introducing an inflection point in a core-softened repulsive
potential can lead to string-like and Kagome phases[19].

It appears that the presence of two distinct length scales and interac-

tions beyond a first nearest-neighbor shell are crucial to stabilise many of
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these uncommon crystals and quasicrystals [20, 21]. A well-studied ex-
ample is the repulsive hard-core/square-shoulder potential. This poten-
tial is used as a simplified description of the interactions between particles
with a hard and impenetrable core decorated with a soft corona. By vary-
ing the size and softness ratio of hard core and soft corona a variety of
two-dimensional lattices can theoretically be obtained [22, 20, 23]. Also
for elastic spheres that interact by means of bounded Hertzian potentials
a rich phase behavior has been predicted, including square, honeycomb,
Kagome and snub square tilings[24], despite the fact that these potentials

only have one length scale.

Despite the overwhelming choice of potentials to create non-hexagonal
two-dimensional crystals in computer simulations, most of these poten-
tials are impossible to create experimentally, given only a few exceptions(23,
24]. To make the translation from the in-silico results to systems that
could be achieved in experiments, it is necessary to explore what realistic
potentials can yield the same rich phase behavior in order to establish ex-
perimental design rules. Moreover, if the stability of the crystalline phase
depends very sensitively on the exact shape of the potential, its success
in experiments will be largely hampered by the inherent dispersity in the
particle size, shape, conformation and softness during particle synthesis.
Finding experimentally-realistic, isotropic and purely-repulsive poten-
tials capable of stabilising non-hexagonal two-dimensional lattices in a

robust manner thus remains an open challenge.

In this paper, we attempt to further bridge the gap between simula-
tions and experiments in the quest for self-organised particle-based metama-
terials. We explore the phase behavior of two-dimensional systems of star
polymers anchored to a planar interface, parameterised by previously de-
veloped potentials for surface-adsorbed star polymers [25]. In three di-
mensions, star polymers and star-like micelles are known to exhibit a rich
phase behavior, exhibiting body-centered orthogonal and diamond crys-

tal structures [26, 27, 28, 29, 30, 31, 32]. Experiments have even revealed
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a stable quasicrystalline phase [21]. Here we explore if these same star
polymer particles can be used for the creation of non-hexagonal crystal-
line lattices in two dimensions. In particular, we explore the effect of the
weak and long-ranged tail of the interactions, which we show to have a
drastic effect on the phase behavior and the stability of non-hexagonal

phases.

Both for the two- and three-dimensional case, the short-ranged inter-
actions between star polymer cores can be analytically derived, whereas
the exact shape of interactions at longer distances, beyond the diameter
of the star, remains unknown. In some cases, the tail of the pair potential
is presumed to have a Gaussian shape [25, 28], based on the idea that the
interaction between dilute polymer chains that protrude from the star is
ideal. In other cases, the tail of the potential is presumed to decay expo-
nentially, in the form of a Yukawa potential, with a decay length set by
the blob size at the periphery of the star-shaped polymer[26, 27], depend-
ing on the number of arms and the effective star diameter [33]. Molecular
dynamics simulations are inconclusive as to the appropriate form for the
interaction tail; whereas some confirm the Yukawa tail [27], other studies
find support for the Gaussian shape of the long-ranged forces[28].

Here we show how the shape of the tail has a drastic effect on the
phase behavior; while only hexagonal crystals are stable for Gaussian tails,
a much richer phase behavior with multiple crystalline states is found for
the exponential tail. Moreover, we also explore what happens if we as-
sume there is no long-ranged tail in the star-star interactions. Our results
shed light on the importance of the tail in the interaction potential for the
realisation of non-hexagonal two-dimensional solids and provides clues

how these structures can be realised experimentally.
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7.2 Methods

Since the phase behavior of three-dimensional star polymer solutions is
well studied[26, 27, 28, 29, 30, 31, 32], we choose a form of the two-
dimensional potential for star polymers that matches the three-dimensional
formulation more closely. As compared to the original Gaussian-tail po-
tential for adsorbed star polmers [25], we choose the star diameter o as
the separation distance where the transition between the short-range and
long-range sections of the interactions occur, in accord with the formula-
tion for three-dimensional stars. In addition, we have shifted the potential
and adjusted the prefactor of the tail interaction to ensure its derivative

is continuous at the transition point r = o

V(r) :2+9f2 —ln(r/a)—k%, r<o

7.1
ksT 24 texp[l—(r/o)?], r>o0 7y

Here, 7 is the centre-to-centre distance between the stars and f its num-

ber of arms.

To construct a two-dimensional star potential with an exponential
tail, we use the outer blob diameter as the characteristic decay length in
a Yukawa potential. The potential, again shifted and adjusted to ensure

continuity in force at r = o, reads:

V(r) 249f* | =In(r/o) + 7, r<o 7.2)
kT 24 #%exp [—%(r/a—l)], r>o .

Finally, we also explore a potential in which the star polymers do not
interact at separation distances beyond their diameter, thus assuming the

absence of chains that protrude beyond o. In this case, the force is dis-
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continuous at the star boundary:

V(r) 2+49f*)—In(r/o), r<o
kT 24 o, r>o

(7.3)

We perform Monte Carlo (MC) simulations in the canonical ensemble
by placing N = 400 stars in a square periodic box of length L. The
area fraction 7) is defined as n = Nmo?/(4L?). We initialise the simu-
lation with a low density fluid configuration, which is compressed to the
desired area fraction after which the structure is equilibrated. To con-
struct the ground state diagram, we slowly quench the simulations un-
til a zero-temperature configuration was found. For low arm numbers,
f = 6and f = §, on occasion we observed quenched structures that
differed strongly from the surrounding ground states. In these cases, we
computed the lattice sum of the interaction energy of the observed and
surrounding symmetries to find the lattice of lowest energy, from which

the complete ground-state diagram was constructed.

7.3 Results & Discussion

The exact functional form of the tail of the interactions between adsorbed
star polymers, confined to a two-dimensional interface, remains unclear;
whereas some studies predict a Gaussian shape of the interactions between
dangling chains that extend beyond the average star diameter, others have
suggested an exponential form is more appropriate [27, 28]. Interestingly,
we find that the exact choice has a very strong effect on the observed phase
behavior. This could provide clues to the appropriate experimental design
of star polymers for the two-dimensional templating of non-hexagonal
symmetries in creating novel electronic or photonic materials.

For star polymers interacting beyond their diameter with a Guas-

sian potential, the phase diagram only exhibits a stable solid phase with
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Figure 7.1: Phase diagrams of two-dimensional star polymer systems with a
tail interaction of the Gaussian (a) and Yukawa (b) form.

a hexagonal symmetry for f > 12 (Fig.7.1). This liquid-solid transition
also leads to the emergence of distinct Bragg peaks in the computed two-
dimensional structure factor as shown in Figure 7.2a-b. Interestingly,
compressing a stable hexagonal phase of these stars leads to a re-entrance
of the fluid phase. The same fluid re-entrance is observed in simulations
of particles that interact by means of a Gaussian potential only[34]. By
contrast, star polymers with an exponential Yukawa tail in their interac-
tion potential, show, in addition to the hexagonal phase and the re-entrant
fluid, two additional non-hexagonal crystal states. At intermediate dens-
ities we find a primitive oblique phase, which has a parallellogram-shaped
unit cell (Fig.7.2¢), and at high packing densities we find the sought-after
honeycomb symmetry (Fig.7.1 and Fig.7.2d). Compressing the primitive
oblique structure first gives rise to a strained honeycomb (Fig.7.2e), whose
strain axis is set by that of the parent primitive oblique lattice, before the
symmetric honeycomb lattice is formed at higher densities. In all cases, a

minimum arm number of ~ 12 is required to find ordered solid phases.
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Lower arm numbers result in interactions that are too soft to give rise to
an distinct liquid-solid transition; this is in direct agreement with theor-
etical predictions and experimental data for three-dimensional phases of
star polymers [26, 27, 28, 29, 30, 31, 32].

f=20,n=0.35 f=20,n=0.80 f=20,n=1.20 f=20,n=1.40 f=16,n=1.35
a'..-~‘.'...-b.-.. ".':-C-;'.".'.','..-d"'... :.'."'e:'.::::::
P

\./
s‘-;.,

Figure 7.2: Representative examples of two-dimensional phases formed in star
polymer systems with a Yukawa tail in their interactions (top) and the corres-
ponding two dimensional structure factors S(gz, ¢y) (bottom). Grey spheres in-
dicate the diameter o of the star polymers to indicate the degree of star-star in-
terpenetration, while blue dots are drawn for the sake of clarity. Unit cell struc-
tures are indicated with red lines. For the calculation of the structure factors
with sufficient resolution, we simulated structures with N = 3600 for 2 - 108
MC steps.

Clearly, despite the softness of the tail interactions, the exact shape of
this tail has a drastic effect on the phase behavior of the two-dimensional
system. The transition from fluid to hexagonal solid followed by re-entrant
melting, which is observed for stars with a Guassian tail, is typical for
purely Gaussian particles. [34] The initial phase behavior of the stars
with an exponential tail also corresponds to the behavior known for two-
dimensional phases of Yukawa particles[35, 36]. Thus, as expected, at low
densities, only the tail of the pair potential is important. The logarithmic
interactions of the star polymer core begin to contribute when the stars
begin to overlap. Assuming a hexagonal symmetry, star overlap begins

to contribute significantly when the packing fraction exceeds the close
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packing limit for hard spheres ) = m/(21/3) ~ 0.9. For both potentials,
the stars behave as a fluid from this point, even when they crystallized at
lower packing fractions. This re-entrant melting at intermediate dens-
ities is a property of certain bounded repulsive potentials whose Fourier
transform is positive definite [37]. The logarithmic interaction of the core
belongs to this class of potentials, and the re-entrant fluid phase is found
both in two (Fig. 7.1) and in three dimensions[32]. This suggests that at
intermediate densities the phase behavior of these adsorbed star polymers
is determined in part by the core potential. Since the Gaussian potential
also belongs to class of bounded repulsive potentials, the re-entrant melt-

ing in this case occurs already at lower packing fractions.

Interestingly, the largest difference between the Yukawa and Gaussian-
tailed stars occurs at the highest packing fractions, where one might have
assumed that only core interactions contribute significantly to the phase

behavior. Clearly, even at densities well above the overlap concentration,
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Figure 7.3: Ground state diagram of two-dimensional stars with a Yukawa tail
for the long range interactions.
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the tail interactions play a significant role in governing the behavior of

the two-dimensional system.

To further elucidate these effects, we also determined the ground state
diagrams, in which fluid phases and hence the re-entrance are suppressed.
Here, we approach the ground state by quenching an equilibrated particle
configuration by gradually increasing the interaction strength. Since this
may lead to kinetically trapped states, we also computed the total poten-
tial energy of the structures we observed using a lattice sum of the inter-
action energies. However, we cannot rule out that there are other, more
exotic structures that we have not observed with a lower overal energy. It
is not necessary to quench all the configurations of the finite-temperature
phase diagram. At the lowest packing fractions only the Gaussian or Yukawa
tail contributes to the ground state symmetry, which have been estab-
lished to lead to hexagonal solids[34, 38]. Moreover, for the stars with a
Gaussian tail, the number of arms f only appears in the prefactor of the
potential and thus has no influence on the shape of the potential; as a res-
ult, changing the arm number has no effect on the ground state. Thus,
for the star potential with a Guassian tail, the entire ground state diagram
shows only a hexagonal symmetry. By contrast, for the Yukawa tail, we
find stable ground states with the same primitive oblique and honeycomb

structures also observed in the phase diagrams (Fig. 7.3).

To explain the difference between the behaviour of stars with a Yukawa
versus Gaussian tail, we must understand what occurs at the transition
from a hexagonal symmetry to the other crystal structures. At this trans-
ition, a few neighbors move in to a closer star-star distance, while others
move further away to a separation distance inbetween the original first
and second neighbours distances, as can be seen in the distance scaled
pair correlation functions (Fig. 7.4a). For a transition away from the
high-symmetry hexagonal phase to be favorable, the combination of mov-
ing some neighbors closer while increasing the separation with others

should result in a net decrease of the potential energy of interaction. In
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Figure 7.4: (a) Two-dimensional pair correlation functions for a hexagonal
(black), primitive oblique (blue) and honeycomb lattice (red) obtained by quench-
ing the configurations of two-dimensional Yukawa stars with f = 14atn = 0.9,
n = 1.2 and n = 1.4, respectively. For a direct comparison, the distance axis
is scaled to the relative degree of compression, taking 7 = 1.2 as the reference
state: 'seqreq = 7 L(n = 1.2)/L(n) . (b) Interaction potentials normalized to the

interaction energy at the transition point = o, for a Gaussian-tailed potential
(red) and a Yukawa-tailed potential with f = 8 (black), f = 12 (grey), f = 16
(blue) and f = 20 (light blue).

other words, this is most likely to occur when the increase in energy of the
new nearest-neighbour is weak while the decrease in energy for moving
some neighbors slightly further away significantly reduces their interac-

tions with a central test particle.

To satisfy the first constraint, softness in the potential is a crucial re-
quirement. If the potential increases too steeply upon decreasing r, the
energy cost of bringing only a few closer is already larger than the en-
ergy of the sum of the energy of the original first row of neighbours in
the hexagonal crystal. For star polymers, the short range interaction is
logarithmic in form and thus provides the required softness. The second
requirement explains why the shape of the tail interactions plays such a
large role in governing the phase behavior. Transforming the hexagonal
phase to a different symmetry creates a new second row of neighbors at
distances r > o; these thus interact through the long range regime of the

potential. By normalizing these two types of potentials to the energy at the
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transition r = o (Fig. 7.4b), we observe how the long range interaction is
weak for a Yukawa tailed interaction, as compared to the core-core repul-
sion, especially for larger arm numbers. On the other hand, for stars with
a Gaussian tail, the long ranged interaction is relatively strong. Thus, for
the Yukawa stars, the energy gain of moving some nearest-neighbors to
a second shell significantly reduces the energy; by contrast, for the Gaus-
sian stars this energetic gain is very limited. Since it is this energy gain that
balances against the energy cost of the closer contact between the nearest
neighbors to determine if lower energy states exist beyond the hexagonal
symmetry, this explains why only the exponential tail gives rise to lower

symmetry lattices.

These normalized potentials also shed light on the reason that the
honeycomb lattice becomes stable at lower densities for stars with fewer
arms, as can be seen in the ground state diagram in Fig. 7.3a. Upon
transforming from the primitive oblique to the honeycomb lattice, the
number of nearest-neighbours increases from 2 to 3 (see Fig. 7.2). Sim-
ultaneously, the second row of neighbours move further away, as can be
clearly seen when comparing the scaled pair correlation functions (Fig.
7.4). This shows how the mechanisms for the primitive oblique to honey-
comb transition lies in the fact that further compression of the primitive
phase leads to such a high energy cost for second nearest neighbors, that
energy can be gained by adding an additional nearest neighbor allowing
the second row to move further away. It is exactly the same mechanism
that causes a transition from the body-centered orthogonal to a diamond
symmetry in three dimensional star polymer phases[32]. The normalized
potentials show how the relative strength of the tail interactions decreases
with f, such that the transition occurs at lower packing fractions as f is
decreased.

These arguments give us a qualitative explanation for the phase changes
we observe in our simulations. To support this line of thought, we can

make an analytical lattice sum of the potential energy to compare the
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ground state energies of hexagonal and honeycomb configurations. We
choose the symmetrical (6)® honeycomb and (6)® hexagonal symmetries
for this comparison as their lattice coordinates are well-defined and sub-
ject only to isotropic compression as the density is increased. By con-
trast, the ratio of side lengths of the less symmetric primitive oblique
varies with density such that an analytical comparison is more cumber-
some. In our analytical calculation of the lattice energy we sum inter-
actions over the 6 nearest-neighbors for the hexagonal lattice and 3 first
nearest- and 6 second-nearest neighbors for the honeycomb, along the
lines of our qualitative arguments described above. Interaction energies
beyond these neighbors are sufficiently small at relevant densities that
they contribute marginally to the ground state energy and are thus ig-
nored for the purposes of this comparison. At a given packing fraction,
the first nearest-neighbor distances for the hexagonal and honeycomb lat-
tice follow from the lattice geometry (Fig. 7.5) as 7je, = am and
The = GW = \/%Thezr with ¢pe, and ¢p. the maximum hard-
sphere packing fractions of the two lattices, respectively, and the second

nearest-neighbour distance for the honeycomb pattern is 7.0 = V37 e

This analytical calculation echoes the findings in our simulation that
the Guassian-tailed stars can only form hexagonal solids, as the ratio of
lattice energies of the honeycomb V},. 1+ to that for the hexagonal lattice
at equal density Vje, 1ot never goes below unity irrespective of density
of arm number f (Fig.7.5). Indeed, for the exponential tail, the honey-
comb lattice gains a lower energy than the hexagonal phase, giving rise
to a hexagonal-to-honeycomb transformation. In reality, this transition
occurs through the primitive oblique phase as an intermediary, which
continuously transforms into a stretched honeycomb until the symmet-
rical honeycomb becomes stable. We note however that the phase bound-
ary predicted analytically is not exactly matched with what we observe
in the simulations. According to the analytical description, for f = 8§

the hexagonal patterns are always favored as the energy ratio remains
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> 1, while the simulated ground state diagram shows a stable honeycomb
phase for f = 8 and even for f = 6. Apparently, taking into account the
interactions up to only the second-nearest neighbor shell cannot capture
the behavior exactly. In experimental realisations of this system however,
one can wonder how relevant such long ranged interactions are, since this
would require the stars to interpenetrate to such an extent that chains ex-
tend to well beyond the first row. Obviously, also non-additive effects that
are ignored in these simulations and calculations may come into play at

these densities in real star polymer phases [39].

Clearly, the exact shape of the tail of the interactions has tremendous
effects on the phase behavior of two-dimensional star polymer phases.
This raises the question what would occur if we shift and truncate the
interaction potential at the star diameter such that there is no tail interac-
tion V = 0 for r > 0. We find that particles interacting via this potential
form very unusual and low symmetry structures in the overlap regime
(Fig. 7.6b), which we can understand by inspecting the pair correlation
function. These structures represent the packings in which the fewest
number of particles have r < o, thereby minimizing the potential energy.
To still accomodate for significant packing fractions, this is achieved by
placing as many particles possible at a distance of exactly » = o, as this
is the closest packing that is energetically cost-free. Therefore, the largest
peak in the pair correlation function is at r = ¢ for all densities above
a certain threshold. This strong effect of the truncation point was not
observed for Hertz potentials,[24] which also show now interactions for
r > o. However, for the Hertzian case, the force is continuous at r = o,
while this is not possible for the logarithmic form of the star polymer
potential. Even this subtle effect of continuity versus discontinuity in the
force at the transition point has a large effect on the phase behavior. While
Hertzian spheres exhibit a variety of ordered structures, the truncated star
potential behaves hard-sphere like up to a critical density beyond which

we find the unusual phases with a large number of particles position at
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exactly 7 = 0. In experimental system a discontinuity is not likely to oc-
cur since the transition between core and corona is not a sharp wall but
defined by a internal density gradient that remains smooth [33, 40, 41].

7.4 Conclusions

We have shown how the possibility of star polymers to form non-hexagonal
lattices in two dimensions depends strongly on the exact details of the tail
of their interaction potential. Since it remains unclear how these interac-
tions take shape for existing experimental star polymer systems it is im-
possible to predict the viability of star polymers as an experimental plat-
form to template for example honeycomb lattices. Therefore, the most
promising approach would be to design chemical routes to prepare star
polymers whose tail interactions can be tuned, taking advantage of the
recent developments in polymer synthesis[42, 43, 44]. For example, syn-
thetic routes exist to functionalise the end group at each of the f arms
attached to the star core[45, 46]. To approach the Yukawa-tailed pair po-
tential, functionalisation of the arm ends with a charged group may give
rise to an exponential tail whose range can be tailored by means of ionic
strength. Interestingly, if the star arm interpenetrate during compres-
sion, the electrostatic repulsion emerging from these charged end groups
would be maximum at contact 7 = o, while further compression re-
duces the electrostatic repulsion as the charged ends of the two oppos-
ing stars move further apart either by backfolding or interpenetration of
the arms. This could hypothetically result in a shoulder in the potential,
which has been shown to greatly increase the complexity of the phase
diagram([19, 15]. A second strategy to tune the tail interactions, is the use
of special miktoarm stars, whose arms are identical in chemical compos-
ition but bidisperse in length. In this case, a dense core of short arms will
set the range and strength of the core repulsion while a dilute corona of

longer arms governs the interactions beyond the star diameter. This sys-
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tem would offer excellent tuneability through arm number and ratio, and

length ratio of the short and long arms.
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Figure 7.5: Analytical comparison of the ground-state energy of hexagonal and
honeycomb lattices. Top: example structures of hexagonal pattern and honey-
comb pattern, both with the same star packing fraction 7. Top left: stars (grey
spheres) are positioned in a hexagonal pattern of hard spheres (indicated with
striped lines). The diameter of the hard spheres and thus the first neighbour dis-
tance is rpez. Top right: stars are positioned in honeycomb pattern at a distance
The from each other. Bottom: comparison of the hexagonal and honeycomb en-
ergy as function of packing fraction.
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Figure 7.6: Examples of structures formed with a two-dimensional shifted and
truncated star potential without long range interactions (top) and their corres-
ponding pair correlation functions (bottom). Vertical striped line indicates the

distance at which r = o.







General Discussion

The central question underlying the work presented in this thesis is to
understand how how the properties and interactions of the constituent
building blocks of a material on the smallest scale, influences the prop-
erties of that material at the macroscopic scale. In this thesis, we have
explored the phase behaviour and dynamics of soft colloidal particles,
in glasses and crystals, and explored the development of a new class of
mechanically-responsive macromolecular sensors. Due to the broadness
of this research, and the wide application potential of the sensors de-
veloped in the previous chapters, many questions remain unanswered.
This last chapter addresses several of these questions and how they may

be answered in future research, supported by preliminary data.

8.1 Calibration of molecular strain sensors

Understanding the coupling between mechanics at the molecular scale,
and macroscopic behavior in soft polymer materials is a challenging task.
A new class of macromolecular sensors, which use a sensitive coupling
between intramolecular energy transfer and chain conformation, are cap-
able of resolving mechanical features at the smallest length scales. These
sensors offer new opportunities to address this challenge. In this thesis,
we have strived to arrive at a deeper understanding of these macromolec-
ular sensors by addressing two main problems.

The backbone of these polymeric sensors consists of donor units, into
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which acceptor units are introduced as dopants. If the polymer chain is in
arelaxed and coiled conformation, figure8.1a, the local density of donors,
within a volume set by the Forster radius of the donor-acceptor pair, is
large. This gives rise to efficient transfer of the excited state energy of
the donor units to the acceptors; thus the FRET efficiency is high. When
mechanical stress acts on the polymer, it becomes stretched and the local
donor density around acceptors decreases, resulting in a reduction of the

energy transfer efficiency.

In Chapter 4, we addressed the issue of chain length polydispersity
that, until recently, was the norm for the macromolecular mechanosensors
developed by our group in the past [1]. In this Chapter, we have shown
that the intramolecular energy transfer, on the basis of which the mechano-
sensors derive their function, is strongly dependent on the chain length
of the acceptor-doped conjugated polymers. We have shown how this
results from the probabilistic nature of the incorporation of the acceptor
units during synthetic procedures, resulting in strong chain-length de-
pendencies at short chain lengths. These results imply that strong chain
length polydispersity limits the resolution with which these sensors can
resolve mechanical features in the materials in which they are embedded.
In Chapter 4, we show how to resolve this. By using an extensive solvent-
gradient Soxhlet-extractions, we are now able to separate fractions of the
polymer chain population which have a more homogeneous distribution
of both chain-length and acceptor distribution. These Chapters provide
a deeper understanding of the limits of these mechanosensors, and form
a basis to work towards increasing the accuracy and sensitivity of these

acceptor-doped conjugated polymers in sensory applications.[2, 3, 4]

The conformation-dependent energy transfer in these polymers has
been exploited for example to study self-assembly of viruses, detection of
DNA and other sensory applications.[5, 6, 7] Recently, it was shown that
by considering the polymer chain as an entropic spring with a corres-

ponding spring constant the optical response of the polymeric sensor can
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Figure 8.1: Schematic overview of an acceptor-doped polymer chain in a coiled
and stretched conformation with the red monomers indicating an acceptor unit.

be used to deduce local mechanical strains on the individual molecules.[1]
Since conjugated polymers are highly suitability for single molecule spec-
troscopy experiments, due to their brightness and relative photostabil-
ity, this creates possibilities to not only measure minute strains with high

temporal resolution but on nanometric length scales.

However, due to chemical variations between different batches of poly-
mers or when altering the sensor design, each new sample required re-
newed calibration of the mechano-optical response. At current, these cal-
ibrations are based on single-molecule spectroscopy experiments, which

are laborious and challenging.

To reduce the time required to construct a quantitative calibration
curve, and to increase the range of strains that can be explored, we ex-
plored a new calibration method based on flow-focussing microfluidics.
In a hydrodynamic focussing experiment, figure8.2a, a central fluid stream
is focused by two lateral fluid flow channels. By changing the ratio of the
flow rates between the central and lateral channels, the strength of the
flow focusing can be tuned. In the narrowing region of the central fluid
stream, a strong gradient in flow velocity is established, which results in
substantial tensile forces applied onto the molecules dissolved in the cent-
ral fluid. These hydrodynamic stresses cause polymer coils to stretch.
This approach has already been successfully used to stretch and align

worm-like micelles [8] and DNA [9, 10]. Extensive theoretical explora-
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tion of the coil-stretch transition in these types of flows have also been
performed, most notably by DeGennes, Zimm, and others. [11, 12, 13, 14]
In the focussing junction, a wide range of extensional strain rates occur
as a function of position in the junction. At each of these positions, the
strain rate can in principle be measured quantitatively through the use of
Particle Imaging Velocimetry experiments. [15, 16] While the residence
time of polymers in the focussing junction is low, of the order of milli-
seconds, excitation and fluorescence emission, occurs on much smaller
(nanosecond) timescales, such that optical interrogation of the molecules
in the device enables accurate measurement of the conformational state.
By ensuring acquisition times well in excess of millisecond residence time,
large ensemble-averages can be obtained in these experiments. Because
these devices can be engineered from optically transparent materials, mi-
crospectroscopic imaging, gives access to the optical response of the mo-
lecules at each point in the focussing junction. In a single-experiment,
one thus obtains a large set of strain rates and corresponding optical re-
sponses, in principle enabling the construction of quantitative calibration

curves in a very short amount of time.

The spectral information obtained from a confocal laser scanning mi-
croscopy (CLSM) experiment is limited due to the splitting of all the de-
tected light into two pre-defined channels. To accurately measure the en-
ergy transfer between the donors and acceptors in the molecules of in-
terest, additional steps must be taken. In fluorescence emission spectro-
scopy, the FRET ratio E is often determined by the ratio of the donor (D)
and acceptor (A) peak integrals according to: £/ = % The CLSM
detects light on separate channels with a pre-defined spectral range. The
wavelength range of each channel is pre-set by the selected filters and di-
chroics and does not guarantee that the complete emission band of either
donor or acceptor is captured; this must be corrected in the data ana-
lysis. There can also be some contribution from direct excitation of the

acceptor and the donor emission band could bleed into the acceptor chan-
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Figure 8.2: a) A schematic overview of the microfluidic cross-flow focussing
device. The FRET-sample channel containing a donor-acceptor labelled polymer
is focused at the intersection by the two focusing channels. The acceptor-only
and donor-only channels contain the identical polymer doped with either donor
or acceptor chromophore exclusively. The dimensions of the FOV are 200um
by 200um and the height of the channels is 40pm. b) A schematic representa-
tion of the optical response of the device upon donor excitation and detection
with the donor channel and acceptor channels of the CLSM. And the optical
response upon direct acceptor excitation and detection in the acceptor chan-
nel of the CLSM. The specific excitation and detection states are abbreviated for
each channel and used as such in equation 8.4 to calculate the normalized energy
transfer.

nel. To compensate for these effects and calculate an accurate unbiased
FRET ratio a method has been developed by Gascoine et al.[17] This method
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requires emission data of the donor in absence of the acceptor and vice-
versa. To avoid inaccuracies in our calibration due to small optical vari-
ations between experiments, we extend our micro-fluidic design to also
contain a donor- and acceptor-only channel. In figure 8.2a we show a
new design for a flow-focussing microfluidic chip, where, in a single field
of view of 200 by 200 microns, we can determine not only the cross-flow
focusing of our sensor solution, but simultaneously detect the required
reference data for quantitative determination of the FRET response. To
convert the measured donor-acceptor ratio into a quantitative FRET effi-
ciency we use the approach of Gascoine[17], which we have schematically
illustrated in figure 8.2b. From this, the normalized FRET is obtained as
follows:
Spa — RprpSa — RprSp

Erorm = 8.4
Spa — RprpSa + (G — Rpr)Sp (84

in which Rpp a correction for the direct acceptor excitation and is

defined as Rpg = %, Rpr is used to correct for donor bleed-through

and defined as Rpp = %E]’DA. The only parameter not measurable directly
is G, whichis defined as G = % where the () 4 and () p are the respect-
ive quantum yields of the donor and acceptor and ¢ and ¢ 4 are the filter
transmission values for the donor and acceptor, respectively. These can
be determined from their fluorescence emission spectra and the spectral
cutoffs of the respective channels.

We prepare the device from optically-clear PDMS by soft UV-litho-
graphy. The PDMS device is bonded to a spectroscopy-grade glass slide by
plasma activation. In figure 8.3 we show experimental data in the same
representation as used in the schematic in figure 8.2b, with fig.8.2a the
donor channel upon donor excitation, fig. 8.2b the acceptor channel upon
donor excitation and fig. 8.2c the acceptor channel upon direct acceptor
excitation. As a molecular probe, we use a water soluble polylysine poly-
mer of 400 repeat units which has been covalently labelled with the water-
soluble fluorescent dyes ATTO-465 as donor and RITC as acceptor. We
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Figure 8.3: Experimental confocal laser scanning microscopy data of micro-
fluidic devices with our fluorescent polymers in flow. Where a) the donor chan-
nel upon excitation of the donor chromophore b) the acceptor channel upon ex-
citation of the donor chromophore and c) the acceptor channel upon excitation
of the acceptor chromophore. d-f) the corresponding intensity traces along the
flow direction for each channel as shown in a.

compose an intensity profile of the emission of the different channels in
the center of the flow channel as indicated by the light line in figure 8.2a.
Upon direct excitation, both donor and acceptor show strong emission,
both on the FRET polymer, which carries both probes, and on the ref-
erence polymers which carry only donors or only acceptors. This indic-
ates that neither the attachment chemistry nor the presence of both dye
interferes with its fluorescent properties. The acceptor emission upon
excitation of the donor, which only emits if FRET occurs, is almost not
visible. If we look at the intensity trace in figure 8.3e we can see it is a
factor five lower than when the acceptor is directly excited and its signal
is not much higher than the background. Although there is a decrease
in fluorescence emission in the direction of the channel this follows the

same trend as the decrease in the acceptor when it is directly excited.
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However, due to the very low intensity of the signal we were forced to
reconsider the design of the polymer sensor. To reduce the average dis-
tance between donor and acceptor chromophores and increase the en-
ergy transfer between them we increased the overall doping. However,
we found there was a practical limitation to this caused by hydrophobic
interactions between the dye. Absorption spectra showed additional red-
shifted absorption bands attributed in literature to intramolecular aggreg-
ation of dye molecules.[18, 19] This was also confirmed by quantum yield
measurements, which which were increasingly low at higher fluorescent-
labelling degrees. Due to time constraints, not further explorations have
been possible. However, since the approach appears promising, explora-
tions of other chemistries to create mechanoresponsive polymers, com-
patible with PDMS (which precludes the use of organic solvents), or the
construction of the device from glass to enable the use of our molecular
sensors developed in Chapter 4 & 3, are logically future directions for

this research.
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Although this method is promising for the applied purpose of spectral
calibration of polymeric force sensors its use can also be extended. There
has been an rise in interest over the past years in mechano-chemistry with
an increase in development of new dynamic materials. [20, 21, 22, 23] (
Many of whom show a spectroscopic change as a function of a mechanical
response. Because forces have to be transferred to a such mechanophores,
polymeric tethers must be attached to help transfer these forces to the
central molecule of interest. With further development, this microfluidic
method should make it possible to quickly screen the mechano-activity

of molecular constructs.

8.2 Length-scale dependence of the response of

molecular rotors

a Excited state b

Radiative Non-radiative l
decay A Exc. decay

Ground state

Figure 8.4: a) A systematic overview of the different relaxation pathways avail-
able to a bodipy based molecular rotor upon excitation. b) The influence of steric
hinderance of a complex polymeric material on the rotation of a bodipy rotor il-
lustrating the effect of the length-scale of the molecule.
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Molecular rotors are molecular probes which undergo an internal ro-
tation upon photo-excitation. Rotation to this twisted state enables a
pathway for non-radiative decay of the excited state. Since the rate of
rotation can be hindered by a mechanical coupling to the environment,
molecular rotors feature a unique mechano-optical fluorescence response
which can be used for micromechanical imaging. Molecular rotors are
often advertised as being rigidochromic, i.e. responding to the viscosity
of the surrounding medium.[24, 25] However, their use in the quantitat-
ive determination of local viscosities is hindered by some additional ef-
fects, which remain incompletely understood. In fact, in scenarios that
are more complex than simple molecular solvents, such as their applica-
tions in materials and/or biological systems, what is measured exactly is
not entirely clear. The mechanisms of the mechano-optical coupling for
the BODIPY class of rotors, which we have used in this thesis, is shown
in figure 8.4a. In the ground state, the energetically most favorable con-
formation features a 53° angle between the BODIPY core and the phenyl
ring.[26, 27, 28] Upon photo-excitation, this conformation becomes en-
ergetically unfavorable and leading to an internal rotational motion to
a flat configuration with a 0° angle between phenyl ring and BODIPY
core. In a non-viscous medium relaxation will predominately occur non-
radiatively by allowing this rotation to occur more rapidly than fluor-
escence emission. However, when the medium becomes more viscous
the rotation of the phenyl ring becomes hindered, leading to fluorescence
emission as the primary decay pathway of the excited state. This leads
to an increase in fluorescence intensity and in the lifetime of the excited

state.

In Chapter 3, we have shown that the incorporation of molecular
rotors, of the BODIPY class, into conjugated polymers retains rotor func-
tion and enables the use of the rotor-doped conjugated polymer as a ra-
tiometric micromechanical probe. This design combines high quantum

yield of a conjugated polymer with high local rotor concentration. This
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enables its use in single molecule measurements retaining high local rotor
concentrations. These macromolecular polyrotors respond very consist-
ently upon calibrating their optical response, either spectroscopically or
through fluorescence lifetime measurements, in simple viscous solutions

of molecular solvents.
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Figure 8.5: a) The viscosity as a function of concentration for polystyrene of
350 and 5kD in different weight percentages in NMP determined by rheology.
The critical overlap concentration for each polymer is marked as c*. b) The
fluorescent-lifetime response of a bodipy molecular rotor as a function of vis-
cosity for different polymer solutions.

However, for complex materials such as polymer or protein solutions
the macroscopic properties such as viscosity are caused by interactions
between large macromolecules. These ‘complex’ fluids thus feature lar-
ger length scales than in the case of a simple liquid formed from small
molecules. The rotation of the rotor is sensitive to a local coupling to the
medium at a length scale comparable to its molecular dimensions. A solu-
tion consisting of a small weight percent of high molecular weight poly-
mer, although largely consisting of solvent, can have a high macroscopic
viscosity. At the scale of the molecular rotor however, the complex fluid
consists largely of empty liquid (as illustrated in Fig.8.4b). Thus, the rotor
probes a length-scale dependent hydrodynamic coupling to the medium,
which cannot always be interpreted in terms of a macroscopic viscosity.

In this sense, rotors are not sensitive to viscosity per-se, by to the local free
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volume available to perform their internal rotational motion. We could in
principle prepare two solutions of polymers of differing molecular weight
with identical macroscopic viscosity, but in which the hindrance of the
rotational motion of a molecular probe is vastly different (Fig.8.4b).

To verify this, we performed fluorescent lifetime measurements and
rheology on polymer solutions containing a BODIPY molecular rotor. We
vary the polymer chain-length and compare these results with those ob-
tained for castor oil, as an example of a small-molecule viscous fluid. In
figure 8.5b , we show the fluorescent lifetime response of the molecular
rotor as a function of the viscosity for these different samples. We can
clearly see that there is a difference in rotor response for the different
samples. The castor oil shows a continuous response whereas both the
polymer solutions show a plateau at low concentrations, below the poly-
mer overlap concentration c*, which is shorter for the higher molecular
weight polymer, as this has a lower c*. Plotted as a function of the mac-
roscopic viscosity, our point becomes directly clear. There is no collapse
of the fluorescent lifetime curves as a function of macroscopic viscosity,
but rather, a length-scale dependence emerges.

These data form a cautionary warning to the users of molecular ro-
tors as viscosity probes; calibration of the viscosity-lifetime response in
low-molecular weight solvents does not enable to deduction of macro-
scopic viscosities in more complex environments such as in materials or
biological systems. Rather, rotors can be used as qualitative probes to re-
veal spatial inhomogeneities in local free volume, or must be calibrated in

media of similar nature and length scale as the sample of interest.

8.3 Sensing phase separations in confinement

One of the ultimate aims in our explorations and development of mechani-
cally-responsive optical probes was to explore phenomena in soft materi-

als at scales that are not readily accessible by conventional bulk-measurement
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methods. One of these examples relates to the study of soft materials
under extreme confinement. Confinement can greatly alter the stability
boundaries and transition kinetics of condensed phases. In particular in
polymeric systems, where the primary building blocks are of mesoscopic
dimensions, confinement to the nanoscale can drastically influence not
only the rate with which phase transitions occur, but alter the location
of phase boundaries and even give rise to phases which are not stable in
bulk systems. These confinement effect emerge across a wide variety of
transitions ranging from phase separation in blends, the glass transition
to crystallisation and aggregation in monocomponent systems and mix-
tures. Studying polymeric phase transitions in confinement is not only
of interest from a fundamental perspective, to understand how bound-
ary effects alter polymeric dynamics and influence the very nature of the
resulting phases itself, but also of crucial interest to the development of
complex polymeric nanomaterials. Most experimental studies attempt-
ing to resolve the effects of confinement on phase transitions and their
kinetics in polymers have focussed on two-dimensional confinement in
supported or free-standing polymer films, or on one-dimensional con-
finement, e.g. in cylindrical nanopores. In these cases, macroscopic pro-
portions remain at least in one spatial dimension. The effects of confine-
ment in zero dimensions, in which matter is confined into nanoparticles,
has been studied in detail for inorganic semiconductors, where the con-
finement not only induces quantum mechanical properties not found in
the bulk, such as the confined-induced quantization of energy levels in
quantum dots, but the strong interfacial curvature of the resulting nano-
particles activates the thermodynamic laws of Kelvin and Laplace, lead-
ing to strong changes in particle stability and mechanics. For polymers,
the effects of zero-dimensional (0-D) confinement on phase stability and
transition kinetics has remained relatively unexplored, despite its obvious
importance in the preparation and use of polymeric nanoparticles. Poly-

mer nanoparticles prepared from conventional polymer find widespread
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use in an immense variety of consumer products, for example as bind-
ers in sustainable coatings, fillers in nanocomposites, or in drug delivery
formulations. In many cases, these particles are prepared from blends
of polymers to tailor their mechanical or functional properties; for ex-
ample, in coatings, core-shell architectures are often used to achieve the
desired application properties. Polymer particles prepared from semi-
conducting polymers, as organic alternatives to semiconductor quantum
dots, have emerged as promising building blocks for a new generation
of nanostructured photovoltaic and optoelectronic devices. Also here,
blending and control of their internal structure is used to tailor their op-
toelectronic profiles to meet the desired requirements. Nonetheless, little
is known on the effects of 0-D confinement on phase transitions in mixed
polymeric systems. While it is known that polymer blends often phase
separate, which can even induce partial crystallisation of one or both of
the polymers in certain cases, it remains unclear how this is effected by
a strong and homogeneous confinement down to the nanoscale. This is
in part caused by the lack of experimental approaches to resolve phase
transitions in polymeric systems at these small length scales in-situ as the

phase transition occurs.

Here we show our preliminary efforts in using macromolecular sensors
as a probe to unravel the kinetics of phase separation in confined poly-
meric blends. For our preliminary experiments, we prepare a polymer
solution of our acceptor-doped conjugated sensor, as described in detail
in Chapter 4, mixed with polystyrene in toluene below the concentration
where these two incompatible polymer demix. To expose these mixtures
to strong confinement, we encapsulate them in small emulsion droplets,
by preparation of a mini-emulsion of our organic phase in toluene-saturated
water.[31,29] The emulsion droplets are stabilized by surfactant and stable
in the water phase, and have dimensions of 50 - 250 nm, tunable by the
preparation protocol.[30, 31] We ensure that the water-phase is pre-saturated

with toluene, such that the size of the droplets is stable as long as evapor-
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Figure 8.6: a) A schematic overview of an emulsion droplet consisting of a
mixture of two polymers in toluene. As the emulsion is exposed to air the solent,
toluene, will evaporate. The particles will shrink, b, and the polymer concentra-
tion will increase within the particle. Up to the point where phase separation of
the two polymers will occur within the droplet, c.

ation is prohibited. Once the dilute emulsion is allowed to evaporate the
emulsion droplets will evaporate their solvent upon which the internal
polymer concentration in the droplets rises. Below the critical phase sep-
aration concentration, the polymers will stay mixed and the intermolecu-
lar distance between all polymers will decrease homogeneously. The av-
erage distance between donor and acceptor monomers becomes smaller
and on average the energy transfer, not nescesarilly within the same chain,
will increase. Once the critical concentration limit has been passed, the
polymer liquid can phase-separate if the situation allows. Because this
has no effect on the solvent flux out of the emulsion droplet the droplet
will continue to shrink at the same rate. However the intermolecular dis-

tances between conjugated polymers will decrease more sharply due to
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the fractionation of the two polymer phases. If we monitor the fluores-
cence emission of the conjugated polymer we can obtain the energy trans-
fer as a function of time of which the rate should show different regimes
depending on the phase stability of the emulsion droplet. Because we can
change the size of the emulsion droplet and the starting polymer concen-
tration we are able to control at which size of the confining droplet the
critical phase separation concentration is reached. More importantly we

are able to study the phase separation at different degrees of confinement.
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Figure 8.7: a) The energy transfer ratio, obtained from fluorescence emission
spectra, as a function of concentration for our acceptor doped conjugated poly-
mer. Fitted with an adapted form of the Forster equation using polymer concen-
tration instead of distance between donor and acceptor, showing a quantitive re-
lation between polymer concentration and energy transfer ratio. b) Fluorescence
emission spectra for our conjugated polymer inside an emulsion as a function of
time.

First, we verify that the intermolecular energy transfer between our
sensor polymers occurs at concentrations which are experimentally rel-
evant. In figure 8.7a we show the concentration dependent FRET ratio
fitted to an adapted form of the Forster equation, derived for these sensor
polymers in previous work in our group by de Laar et al.[1]. This not only
shows that the intermolecular energy transfer is responsive to concentra-
tion in the relevant concentration regime, but that the energy transfer has

apredictable shape with changing concentration, and can thus be used as a
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local probe to deduce polymer concentrations optically. Using this curve,
and knowing the starting volume and polymer concentrations inside the
droplet, measurements of the energy transfer efficiency F as s function of
time allows computation of the exact size of the droplet and evaporative
solvent flux.

We prepare our experimental sample as described above and meas-
ure the fluorescence emission at given intervals over time. In figure8.7b
we show these spectra with the highest emission peak normalized to one.
From this it is clear that over the course of the experiment the sensor is
able to maintain a high enough quantum yield to enable measurements
and that there is a clear change in energy transfer during this process. If
we now calculate the energy transfer as a function of time, figure8.8a, we
see a clear increase of energy transfer over time which shows three re-
gimes. We plot the local slope of F(t) as a function of time, 8.8b, we can
see that after an some initial unsteadiness, a plateau is reached at 200 min
which sharply increases at 500 min to reach another plateau. While pre-
liminary, we believe that the change that occurs at around 400min signals

the phase separation inside the nanoscopic droplets.
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Figure 8.8: a) The normalized energy transfer ratio from an evaporation ex-
periment obtained from fluorescence emission spectra. b) Direction coefficient
of the normalized energy transfer ratio as a function of time. The lower plateau
highlighted with a red line and the higher plateau with a blue line.
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These results, figure8.7a, show that the intermolecular energy trans-
fer between acceptor-doped conjugated polymers can also be harnessed
for sensoric applications in a concentration range which has experimental
relevance. The fluorescence emission spectra, as shown in figure8.8b, of
conjugated polymers within the droplets making up the dilute emulsion,
show almost no noise on the data. The small amount of conjugated poly-
mer inside the droplets is able to produce enough fluorescence light to
overcome experimental issues that could be expected in emulsions due
to their strong scattering. At long times, we observe a red-shift of the
acceptor emission band which could indicate aggregation of the sensor
polymers. However, the data in figure8.8a shows no deviations up to 700
minutes and a change in kinetics due to phase separation can still be ob-
served. Although not necessarily problematic, the solubility of the con-
jugated polymer sensor could be improved upon by reducing its length or
by modifying the acceptor units with ethyl-hexyl side-groups to increase
solubility and prevent crystallisation and stacking by steric hindrance. To
ensure that particle sizes can be reached which are small enough to poten-
tially suppress phase separation a systematic study should be performed
to control the binodal of the conjugated polymer and a co-polymer. If the
binodal of the two polymers at a given mixing ratio is too low the resulting
emulsion will not be stable and monodisperse. And only a limited amount
of solvent can be lost before phase separation occurs, limiting the control
over particle size to the limits of the microemulsion protocol. If it is too
high the solubility limit of the conjugated polymer could become prob-
lematic. If adequate control over the particle size range and dispersity can
be gained, the conjugated polymer additionally gives information about
its concentration in the particle. Giving us direct quantitative access to
the evaporation kinetics with high temporal resolution. Due to time con-
straints no systematic study was performed on the influence of the droplet
size on the demixing kinetics, however these preliminary data indicate it
should be possible to do so with the sensors developed in this thesis.
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Summary

This thesis describes our explorations in the development of new mo-
lecular tools to probe complex soft material systems at the nanoscale. In
large part, our efforts have been dedicated to conjugated polymer-based
molecular sensors for applications in complex fluids. We have contrib-
uted both to developing new chemical strategies for incoorporating new
function in these macromolecular sensors, but also to develop a deeper

understanding of how they work and what their intrinsic limitations are.

In Chapters 2, 3, 5 we explore new ways to introduce mechanorespons-
ive moieties into the backbone of semiconducting sensor polymers. In
Chapter 2 we introduce a spiropyran moiety into a polyfluorene back-
bone. Spiropyran functions as a molecular switch whose two states ex-
hibit unique photochromic properties. The molecular switch can be ac-
tivated by a variety of triggers including but not limited to mechanical-
, pH-, light- and temperature-stimuli, and is thermally reversible in the
small molecule state. Incorporated into the extended pi-conjugated sys-
tem of a semiconducting polymer backbone, activation of these molecular
switches results in spectroscopic shifts of the complete semi-conducting
system and a loss of the thermal reversibility. We explore the influence
of different chain architectures of spiropyran-co-fluorene polymers and
the consequences of expanding the conjugation length of the spiropyran
monomer on its switching properties.

In Chapter 5 we continue along this concept, by introducing a different

type of molecular switch into polyfluorene backbones. Here we focus our
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attention to anthracene monomers, which remain susceptible to modific-
ation via a Diels-Alder reaction also post-polymerisation. The Diels-Alder
adduct occurs anti-parallel on the central benzene ring of the anthracene
causing splitting of conjugation into two isolated systems, thereby inter-
rupting the flow of electrons along the semiconducting polymer back-
bone and straining the macromolecular conformation. Retro-Diels-Alder
reactions, which restore the extended pi-conjugation is shown to be achiev-
able both thermally and mechanically. The Diels-Alder adduct of these
poly(fluorene-co-anthracene) polymers results in polymers with switch-
able conjugation. Moreover, we show how tuning of the composition of
the polymers enables the tuning of the pre-strain existing on the Diels-
Alder adduct and thereby tailoring of the easy of activation and the rate
at which this occurs.

In Chapter 3we investigate a different route to create mechano-responsive
semiconducting polymers, by the introduction of a molecular rotor into
the backbone of a semiconducting chain. These small molecule molecu-
lar rotors have been widely applied as rigidochromic probes, e.g. as free
volume probes in a variety of complex experimental systems. We incor-
porate the rotating phenyl group of a BODIPY rotor into the m-extended
system of a polyfluorene polymer. We show that the energetic separa-
tion of the rotating moiety and the BODIPY core remains proficient to
retain its rigidochromic properties. Furthermore the spectral separation
between the non-responsive blue backbone emission and the responsive
green bodipy emission creates an internal fluorescence emission stand-
ard. The energy transfer from the donor backbone to the acceptor rotor
ensures this can be achieved using a single channel blue excitation source.
This allows for the polymer to be used as a ratiometric free volume sensor
in fluorescence imaging while maintaining high spectral and temporal

resolution.

Previous work from our group showed how acceptor-doped conjug-

ated polymers are very well suited for use as molecular mechanosensors.



Yet various effects remained poorly explored. In Chapter 4, we investi-
gate chain-length effects on the energy transfer within acceptor-doped
conjugated polymer sensors. We perform an exhaustive fractionation of
a polymer batch into different fractions of higher monodispersity and
different chain lengths. Using a combination of extensive spectroscopic
study and Monte Carlo simulations, we show that the interplay between
both chain-length and acceptor doping degree play a fundamental role in
the usability of an acceptor based conjugated polymer as a strain sensor.
We attribute this to a probabilistic process which occurs during the growth
of the polymer chain in its synthesis. Although the law of large numbers
averages these effects out for a homogeneous batch of sufficiently long
polymers this is often ignored for shorter polymers. These results provide
fundamental insights into the function of macromolecular strain sensors

and guidelines how their use can be improved.

In addition to main theme of this thesis, as summarized above, a side-
project on the assembly and phase behavior of soft colloids resulted in
two published chapters. Both chapters aimed to understand how the de-
tails of the softness of small colloidal particles changes their properties in
large ensembles in dense suspensions. In Chapter 6 we use experiments
and theory to explain how the softness of particles changes the appar-
ent way in which the liquid suspension turns solid and how these appar-
ent changes vanish when correcting for the size changes inherent to soft
particles. This resolves a open issue in the field of colloidal glasses. In
Chapter 7 we continue this exploration by studying how softness, and in
particular details on the shape of the soft potential, alters the formation
of ordered phases. We show how small changes in the interaction po-
tential can sort large changes in the crystal structures formed. These in-
silico results provide guides to the preparation of non-close-packed and
non-hexagonal crystal symmetries using colloidal particles as the build-
ing blocks.
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