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Soft matter covers a wide range of materials based on linear or branched polymers, gels and rubbers,
amphiphilic (macro)molecules, colloids, and self-assembled structures. These materials have applications
in various industries, all highly important for our daily life, and they control all biological functions;
therefore, controlling and tailoring their properties is crucial. One way to approach this target is defect
engineering, which aims to control defects in the material's structure, and/or to purposely add defects
into it to trigger specific functions. While this approach has been a striking success story in crystalline
inorganic hard matter, both for mechanical and electronic properties, and has also been applied to
organic hard materials, defect engineering is rarely used in soft matter design. In this review, we present

Received 27th July 2020, a survey on investigations on defects and/or defect engineering in nine classes of soft matter composed

Accepted 21st November 2020 of liquid crystals, colloids, linear polymers with moderate degree of branching, hyperbranched polymers
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block copolymers and supramolecular polymers. This overview proposes a promising role of this
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approach for tuning the properties of soft matter.

1. Introduction

A perfect crystal is an idealization that does not exist in nature."
Instead, the structure of hard crystalline solids contains a
considerable extent of irregularities and inhomogeneities,
referred to as defects.” These defects strongly affect the physical
and mechanical properties of hard crystalline solids. As an
example, almost defect-free metallic single crystals have weaker
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mechanical properties than polycrystalline ones, since in the
latter the interaction between defects and grain boundaries are
strong.>” Control over these defects and their associated
nanostructural heterogeneity, known as defect engineering,*™®
therefore is an approach that permits material properties to be
tailored for functional devices such as semiconductors, para-
magnets, thermoelectrics, and ferroelectrics.”™?

In hard solids, defects are divided into four classes according
to their dimension: point, line, planar, and volume defects,"*">
as shown in Fig. 1. Zero-dimensional point defects are vacancies
that are present in a significant concentration in all crystalline
materials. This kind of defect is formed when an atom is missing
at a position that ought to be filled in the crystal. Other types
of point defects are the local imbalance of charges and the

Pol Besenius was born and raised
in Luxemburg, and studied Chemi-
stry in Vienna and Glasgow.
He received his PhD from the
University of Strathclyde (2008)
und  undertook  postdoctoral
studies at Eindhoven University
of Technology, as Marie-Curie
Fellow (2008-2011). He started
his independent research group
at the Organic Chemistry Insti-
tute in Miinster, supported by a
Liebig Fellowship in 2011, and
moved to the Johannes Gutenberg
University of Mainz in 2015 to take up a Professorship in Macro-
molecular Chemistry. In 2018, he was awarded an ERC Consoli-
dator Grant, and since 2018 he is an Editor at the newly launched
Thieme journal ‘Organic Materials’.

Pol Besenius

Kurt Kremer is director and head
of the theory department at Max
Planck Institute for Polymer
Research, Mainz. He obtained
his PhD in 1983 at Cologne
University and his Habilitation
in 1988 at the University of
Mainz. After that, he joined the
solid state laboratory at KFA
Juelich as senior scientific staff.

His main research field s
/ computational  soft  matter
I(urg Kremer physics. He spent  several
extended visits as visiting

professor/scientist at Exxon Research, UC Santa Barbara,
University of Minnesota and New York University. He received
several awards and recognitions and is member of the German
National Academy of Science Leopoldina.

10810 | Soft Matter, 2020, 16, 10809-10859

View Article Online

Soft Matter

s
ol dd
L_b_L_A_,L

Tf
T’
T
T

o-® o ddd
Lot

Fig. 1 Examples of defects in hard crystalline solids. (A) zero-dimensional
point defects can be formed when an atom occupies an interstitial site
where no atom would ordinarily appear, or (B) when an atom is missing at a
position that ought to be filled. (C) The presence of foreign atoms is
another type of point defect. (D) Edge dislocation is a one-dimensional
defect that may form by insertion of an extra half plane of atoms in the
crystal structure. (E) A stacking fault is an internal two-dimensional defect
that disrupts the crystalline pattern. (F) A precipitate is a three-dimensional
defect formed by aggregation of point defects.

presence of solutes or impurities in the structure of the crystals.
One-dimensional linear defects, or dislocations, are lines
through the crystal along which crystallographic registry is lost.
Two-dimensional defects can be considered as external surfaces,
at which the solid terminates at a vapor or liquid, or as surfaces
that separate grains or distinct phases within the solids, or
yet alternatively as internal defects that disrupt a crystalline
pattern over a surface within a crystal. Three-dimensional
defects are aggregates of atoms or vacancies. A first type can
be small particles that are introduced into the matrix by solid-
state reactions, referred to as precipitates. A second type are
dispersants with a grain size range of 1-100 pm, which are
intentionally introduced into the microstructure.'® Voids and
pores are another type of three-dimensional defect that forms by
trapped gases or by accumulation of vacancies.

Defects significantly affect the physical properties of solid
crystals. The most well-known example is semiconducting
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silicon and germanium. Both are crystals with diamond structures.
While pure silicon and germanium are intrinsic semiconductors,
for creation of truly sophisticated materials, introduction of defects
such as other atoms is necessary.'®> Beyond the application area of
semiconductors, diffusion within solid crystals relies on defects
and can typically occur if a population of defects such as vacancies
exists. In this case, atoms can jump from normal sites into
neighboring vacancies.® A similar mechanism is valid for
ionic conductivity.'”'® For example, defects majorly control the
electronic properties of Zn,Sb, thermoelectric materials'® and
the electrochemical properties of LiFePO, based materials.>®
Very generally, doping-type defects have found different appli-
cations in hard solids. For example, addition of titanium
dioxide, TiO,, into chromium oxide, Cr,03, gives materials that
are used in the sensing of reducing gases. Furthermore, the
resistivity of doped transition-metal oxides such as NiO doped
with Li,O, Fe,O; doped with TiO,, and Mn;0, doped with NiO,
generally decreases exponentially with temperature. This
makes these materials suitable for temperature measurement
and sensing." Defects can also impart colored to transparent
solids if they interact with white light. For example, while
cerium(iv)oxide is transparent, its defective structure, which is
made by mixing with praseodymium, displays a red/orange
coloration, indicating light absorption in the blue/green
region.’® In addition to such physical properties, also the
mechanical properties of hard solids are influenced by defects.
It has been shown that the elastic modulus of cerium(iv)oxide
samples is a function of the oxygen vacancy concentration.”'
Also, the yield strength and subsequent plastic deformation of
solid crystals is controlled by dislocation defects. Furthermore,
three dimensional defects such as precipitates or dispersants
change the strength of structural alloys."

In addition to their extreme and vast importance in inor-
ganic materials, defects are also noteworthy in organic materials.
For instance, controlled adjustment of the properties of
metal-organic frameworks, MOFs, by defect engineering is an
example.>*® In these materials, metal ions and/or clusters of
metal ions are linked together by oligotopic organic molecules,
thereby forming a hybrid material.”” Defects in the internal
structure of such MOFs can originate from partially missing
metal nodes or linkers and from local breakage of the frame-
work regularity.”®*® Clustering of these linker or node vacancies
generates mesopores, which may significantly influence the
physical and mechanical properties of MOFs. This introduces
the possibility of developing MOFs by defect engineering.?
An example of such developing is to use MOFs as catalytic
substrates. In this application, the targeted defects are mostly
coordinative mismatches between the linker and metal ions,
which results in Brgnsted or Lewis acid sites, respectively. The
catalytic activity of MOFs is directly related to the number of
such defects.>* For zinc terephthalate, as an example, linker
vacancies partly occupied by OH groups catalyze the alkylation
of biphenyl with tert-butyl chloride with 100% para-
selectivity.”®*° Acidic defects of MOFs can also serve as active
catalysts for the condensation of benzaldehyde and ethyl cyano-
acetate.”” Furthermore, the hydroxymethylation of 2-methylfuran,
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transesterification of vegetable oils with several aliphatic alcohols,
cyclization of citronella to isopulegols, and Diels-Alder reactions
between 1,3-cyclohexadiene and several dienophiles are other
examples of defect-induced catalytic activity in MOFs.>>** For
gas adsorption applications, the density of coordinatively unsatu-
rated sites as well as the pore size distribution and specific surface
area can be controlled by defect engineering. As an example, in
MOFs made by [In(COO),] units linked through biphenyl-3,3’,5,5’ -
tetra(phenyl-4-carboxylate) linkers, fragmentation and defects
allow the desolvated phase to achieve a high specific surface area
and pore volume.>® A similar increase of porosity and capacity of
CO, adsorption associated to that by engineering of linker vacan-
cies are also reported for other types of MOFs.>****” Moreover, the
uptake of H, and CH, can be tuned by metal node vacancies and
other defects such as ZnO species in the nanopores and lattice
interpenetration.>®*° The modulation of electronic and magnetic
properties of MOFs is another aspect of defect engineering in these
materials. In this context, for example, change of the emission
lifetime in [Ru(2,2’-bipyridine);]*",*® and modification of the
electronic band structure in copper/1,3,5-benzenetricarboxylic
acid-based MOFs have been reported.”’ Moreover, vacancy-
induced ferromagnetism in a series of copper based MOFs
was discussed by Feng and coworkers.**

Defect engineering has also been reported in pure organic
materials such as carbon nanotubes and graphene sheets.
These defects can be generated in carbon nanostructures by
electron and ion irradiation.*® That way, pentagon-heptagon-
heptagon-pentagon defects are formed by C-C bond rotation.**
These so called 5-7 pair defects act as nucleation cores of
dislocations in the planar hexagonal network of the graphene
layer.*> These defects can migrate along a nanotube wall,
which is responsible for the plastic deformation of carbon
nanotubes.*® The 5-7 defects can also be utilized for modifying
the electronic properties of graphene sheets and carbon nano-
tubes. Beyond such pure-carbon materials engineering, joining
a semiconducting nanotube to a metallic one through the use
of a 5-7 pair can be the basis of a nanodiode for the design of
nanoelectronics.”” In another area of application, similar to
the defect dependency of MOFs’ gas adsorption, Mercuri and
coworkers showed that the adsorption and uptake of oxidizing
gas in carbon nanotubes are likely to occur by interaction of the
gas molecules and defective sites such as vacancies within the
hexagonal networks of the nanotubes.*® Considering the sensi-
tivity of electronic and transport properties of nanotubes to the
adsorption of gases such as NO, and NH,,*° defect engineering
in nanotubes can therefore be used to design gas sensors.
In addition to carbon nanotubes and graphene sheets, nano-
diamonds can be considered as another example to highlight
the importance of defects in pure organic materials. Nano-
diamonds or diamond nanocrystals consist of crystalline balls
of a few thousands of carbon atoms, which also have some
nitrogen, oxygen, and hydrogen atoms.>® The nitrogen atoms in
nanodiamonds produce a variety of defects, among them
negatively-charged nitrogen vacancies (NV) can be considered
as point defects.”® These defects can be utilized as sensors for
various relevant quantities like electrical, magnetic, or optical
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characteristics. Accordingly, nanodiamonds have found many
applications in sensing, imaging, drug delivery, and tissue
engineering.”>>* NV defects in nanodiamonds are highly
sensitive electrometers, which can be used to detect the elec-
trical field even of a single electron at a distance of 150 nm.>*>>
Moreover, NV centers in nanodiamonds can be utilized for
nano-scale thermometry based on the coherent manipulation
of the electronic spin associated with the NV centers. With that,
the local thermal environment on length scales as short as
200 nanometers can be measured. As another example, nano-
diamonds can be utilized as biological sensors due to the
influence of ferritin metalloproteins on the spin properties of
single NV clusters, which originates from the capability of
nanodiamonds to adsorb proteins on their NV sites via electro-
static interactions.>®

All the above examples of inorganic and organic materials
are hard solids. A complementary class of materials is soft
matter, as systematically introduced by de Gennes in his Nobel
lecture.”” This class of materials occupies a middle ground
between the ideal fluid state and the ideal solid state,*® based
on three cornerstones. First, the size of the building blocks of
soft matter is in the mesoscopic scale between 1-1000 nm, with
polyatomic rather than just single or few-atomic constituents.>”
Second, due to that large size of the building blocks, their
relaxation times are about 1-1000 ms. Third, the binding or
interaction energy of the building blocks of soft matter is in the
order of just singles to tens of RT (3-150 kJ mol '), which is
considerably smaller than that of hard solid crystals. Typical
energy densities, which to a first approximation determine the
elastic constants, can be orders of magnitude smaller. There-
fore, in contrast to hard solids, entropy and energy are equally
important. As a consequence, soft matter can be easily per-
turbed even by just moderate external mechanical, thermal, or
electrical agitation, whereupon it responds considerably, for
example, by profound structural rearrangement that either
persists or is followed by subsequent relaxation upon removal
of the load and spans common experimental timescales. As a
result, soft matter exhibits a rich structural (phase) behavior,
with the ability to arrange, disarrange, and re-arrange in multiple
ways in a rich free-energy landscape, thereby exhibiting a variety
of mechanics, from elastic snap to viscous creep, as well as a
variety of further properties, like optical or dielectric features.
In addition, unlike atoms and molecules in hard solids, soft
matter is often characterized by a distribution of sizes known
as polydispersity.®® Polymers, colloids, and amphiphiles are
the prime examples of soft-matter building blocks,*' forming
assembled structures such as (nano)composites, micelles,
liquid-crystalline mesophases, and complex aggregates. Also,
hybrids of these classical examples, such as microgels, block-
copolymers, Janus particles, and also DNA, fd viruses, and
proteins are examples of soft-matter building blocks, as all
shown in Fig. 2. These materials have applications in a
wide range of products that are important in diverse areas of
human life, such as packaging, foams, adhesives, detergents,
cosmetics, paints, rubbers, electronic boards and devices, foods,
drugs, vascular prostheses, or implants. Therefore, understanding
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Fig. 2 Different types of building blocks for soft matter systems, represented
in a triangle diagram.

and controlling their properties is a key area in materials science.
A question that now arises in this context is whether structural
defects such as those in classical hard solids also exist in soft
matter, and if their impact on the material properties, such as
their viscoelasticity or phase behavior etc., is as severe.

Different types of defects on the molecular-scale, such as
branching, irregularities, loops, crosslinking, dimerization, or
missing arms, have at least been studied to some extent for
polymers, which are one representative of soft matter.®>™®*
However, no systematic use for rational materials engineering
has been made from that, and so it can be stated that “while
the study of defect physics in crystalline inorganic solids is well-
developed, a similar sophistication is currently lacking for
ordered polymers”.®® Today, even 25 years after this notion,
this question is still not well-answered to scientists, as stated by
Miillen,®® who believes that one reason for this shortcoming is
the goal of organic chemists to target discrete molecules
and their aiming to precisely correlate their structures and
properties. Miillen also mentioned that this correlation is
weaker for macromolecules because of their unknown deviation
from the perfect structure.®® Regards to this shortcoming,
the main question is what roles molecular defects play in
soft matter, and how the achievement of so-far inaccessible
properties could be possible by defect engineering.®®®” The
situation is different for structural defects in ordered materials
such as liquid crystals or block copolymer mesostructures,
which have been studied quite intensely both by theory and
experiments.®® However, the relation between the molecular
structure (possibly including molecular defects) and structural
defects is not yet fully understood.

The target of this review is to highlight these questions by
giving an overview over numerous papers in which defects in
soft matter and/or the (intentional) change of soft matter’s
properties by defect engineering have been discussed. We discuss
defects in nine classes of materials based on liquid crystals,
colloids, linear polymers with moderate degree of branching,
hyperbranched polymers and dendrimers, conjugated polymers,
polymeric networks, self-assembled amphiphiles and proteins,

This journal is © The Royal Society of Chemistry 2020
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block copolymers and supramolecular polymers. The review is
organized as follows: we start in Section 2 with liquid crystals, a
state of matter that actually pioneered the perception of soft
matter.®® Many liquid-crystalline materials of practical use and
relevance are actually still small-molecule based, and therewith
still closely related to classical molecular matter, but their main
distinction is the existence of anisotropic fluid phases with at least
long-range orientational order of the building blocks. Section 3
describes defects in colloids with a focus on 2D colloidal crystals.
Colloids are a further step away from classical matter, which
shows both liquid and solid states. The latter has crystalline or
glassy morphologies, but the main difference to classical hard
matter is the larger size of their building blocks.” This large size
causes the dynamics of these building blocks to be slow. As a
result of both, they are good to observe (e.g., by microscopy), and
therefore, colloidal systems are excellent models for atomic/
molecular matter. Section 4 is about defects in polymers. The
original notion of polymers was actually that of colloids; in fact,
the word “colloid” derives from the Greek word for glue (k6A)a,
colla), inspired by the sticky appearance of many natural poly-
mers. In 1920, exactly 100 years ago, however, Staudinger reported
about the macromolecular nature and chain structure of poly-
mers;”"”” in the following, polymer science separated itself as an
own new field from colloid science. Section 5 describes defects in
amphiphiles, which is the third prime class of soft matter shown
in the triangle in Fig. 2. The word “amphiphile” derives from two
Greek words that mean “both sides” (o'pi, amphi) and “love,
friend” (pikog, phylos), and refers to materials with two parts, a
polar head, which likes water (hydrophile), and a non-polar tail,
which likes oil (lipophile). These materials can self-assemble into a
wide variety of structures such as biological membranes. With that,
the focus has arced from physics (the home field of colloids) over
chemistry (the home field of polymers) to biology (the home field of
amphiphilic assemblies such as membranes), and therewith, from
matter to life. As a further sub-section, defects in the self-assembly
of block copolymers, which is a hybrid class of soft matter posses-
sing both properties of polymers and amphiphiles, are discussed in
this section. Finally, Section 6 presents our conclusion.

From what will be discussed in these diverse sections, we
can condense the following general definition and classification
scheme of defects in soft matter. Very generally, based on the
three criteria to delimit soft matter (large building blocks, weak
interaction energies, and long relaxation times), it is no surprise
that soft matter has a rich variety of structures, each corres-
ponding to a (local) minimum in the free-energy landscape. These
structures, which are characterized by a suitable set of represen-
tative collective variables, are usually not regular but amorphous,
but yet they can be assessed quantitatively by tools like correlation
functions. Let one of these structures (and therewith one of the
minima in the free-energy landscape) be a given reference state.
A defect is now either a local structural perturbation that corre-
sponds to a metastable minimum in the same free-energy land-
scape (which is reversible), or a local chemical modification that
leads to a new free-energy landscape (which is irreversible). Both
entails new properties. The three main types of defects in soft
matter are

This journal is © The Royal Society of Chemistry 2020
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1. Doping defects: local replacement of an atomic, molecular,
or colloidal building block.

2. Connectivity defects: a system with connectivity can be
conceived as a set of vertices and connecting bonds. (Mathe-
matically, this is a graph.) A reference state is built up by design
principles that determine its structure, e.g., the degree of
connectivity and the functionality of each connecting point.
A defect in such a system is a local deviation from these
principles.

3. Topological defects: Localized perturbation of the build-
ing blocks’ arrangement that cannot be transformed into a
homogeneous structure by simple continuous rearrangement
without creating a new discontinuity (somewhere else) in the
system. In contrast to doping and connectivity defects, topo-
logical defects do not involve chemical modifications of the
material at the molecular level.

Again, mixed forms of these three basic types of defects are
also possible, so that a triangular scheme can be constructed
again, as shown in Fig. 3.

For some scientists, depending on their field and community,
at a first glance, a connectivity defect might appear synonym to a
topological defect. Note, however, that topological defects are a
consequence of breaking symmetry in ordered systems, which
does actually not require any chemical modification at the
molecular level. By contrast, the formation of connectivity
defects requires such kind of molecular modification. In poly-
meric networks, for example, a connectivity defect forms when a
network junction misses at least one of its chemical bonds with
other junctions.

The following sections will show how these types of defects
decisively influence the properties of soft matter in its diverse
variants, and how intentioned engineering of these defects has
promising prospects.

2. Liquid crystals

Liquid crystals, LCs, are mesophases: they possess some typical
properties of liquids, such as fluidity, and some typical proper-
ties of solid crystals, such as optical birefringence.®®”?
The liquid-crystalline state of matter can be small-molecule,

Doping

Connectivity Topology

Ny

Fig. 3 Classification of different types of defects in soft matter.
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particulate, or polymer-based, displaying orientational or even
positional long-range order of the building blocks in one or
more spatial directions.”*

LCs are commonly classified as thermotropic and lyotropic.
Thermotropic LCs are made of pure organic crystalline mole-
cules that form stable liquid crystals in a certain temperature
interval; these molecules are either elongated linear (such as
4-n-octyl-4’-cyanobiphenyl) or plate-like flat (such as hexapen-
toxytriphenylene). One character common to all these thermo-
tropic LC molecules is the coexistence of a rigid central part
(usually benzene) and flexible exterior parts.”* This is also valid
for liquid-crystalline polymers, LCPs. In a main-chain structure,
rigid liquid-crystalline units are separated by flexible hydro-
carbon chains, and in a certain temperature range, these rigid
units develop the orientational and sometimes positional
order. In side-chain LCPs, by contrast, the rigid liquid-
crystalline units are attached to a flexible polymer backbone
by short flexible hydrocarbon linkers.”>”®

Lyotropic LCs are made of anisometric nanoscale building
blocks in a fluid medium. Most typically, micelles formed
from amphiphilic molecules with one polar head and one
non-polar tail in water and/or oil (such as lecithin, sodium
laurate, and sodium decylsulphate) can form lyotropic LCs.”
For this class of LCs, the most important control parameter is
the concentration rather than temperature or pressure.”®
In addition to these molecular-based LCs, rigid nanometer-
sized rods in solution (like tobacco mosaic virus, TMV) or
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semi-rigid polymers in solution (like xanthan or DNA) show
LC phases, too.

2.1 Liquid crystalline mesophases

The main characteristics of liquid crystals is their capacity to
form mesophases that are intermediate between fully disordered
fluids and crystals. Depending on the arrangement of the
building blocks in a mesophase and its symmetry, LC struc-
tures are mainly divided into nematic, smectic, and columnar
mesophases.®®’” In a nematic mesophase, the building blocks
possess a long-range orientational order with their long axes
aligned along a preferred direction, but there is no long-range
order in the positions of their centers of mass. The preferred
direction, which is called director, may vary throughout the
medium.”*”%”® The director and the building-block arrangement
in a nematic mesophase are illustrated in Fig. 4A. The name
nematic derives from the Greek word for thread (vfjpo, nema),
since in a polarizing microscope, there are often many dark lines
visible in thick film sample.”® A sub-type of the nematic phase is
the cholesteric mesophase,” in which the director varies through-
out the medium in a regular fashion (Fig. 4F). Its distribution is
precisely equivalent if the director rotates in a helical fashion
around an axis perpendicular to it.”® The distance along the helix
over which the director rotates by 360° is called pitch. When this
characteristic length is equal to the wavelength of light, the
material shows interesting optical properties such as polarization
of incident light and selective light reflection.®
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Fig. 4 Building-block arrangement in liquid crystal mesophases. (A) Nematic LC: building blocks possess a long-range orientational order of their long
axes without long-range positional order of their centers of mass. The average direction of the long axis is called director, n. (B) Smectic mesophases:
building blocks are arranged in layers and exhibit 1D long-range translational orders in their positions in addition to the orientational ordering. (C) Smectic
A: building blocks are aligned perpendicular to the layers, with 2D fluid-like intralayer short-range order. (D) Smectic B: hexatic order within the layers.
(E) Smectic C: the preferred building-block axis is not perpendicular to the layers. (F) Cholesteric mesophase: the distribution of the director is precisely
equivalent if the director rotates in helical fashion around an axis perpendicular to the director. p denotes the pitch of the cholesteric. (G) Columnar
mesophase: building blocks assemble into cylindrical structures. The schemes are reprinted from ref. 73; copyright 2018 Elsevier. (H) Elastic modes in
nematic LCs, showing long-wavelength perturbations of the director orientation. They differ in the relative orientations of director, n, wave vector, k, and
director rotation axis, /. In the bend mode, n and k are parallel, in the twist mode, k and / are parallel, and in the splay mode, all three are perpendicular to

each other.
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In smectic mesophases, building blocks are arranged in
layers and exhibit some correlations in their positions in
addition to that layered ordering.® The layers can slide freely
over one another (Fig. 4B). Depending on the building-block
order in the layers, different types of smectics exist. In smectic
A, building blocks are aligned perpendicular to the layers,
without long-range crystalline ordering (Fig. 4C). In smectic B,
there is a hexagonal crystalline order within the layers (Fig. 4D).
In smectic C, the preferred building-block axis is not perpendi-
cular to the layers; therefore, this phase has biaxial symmetry
(Fig. 4E). The name smectic derives from the Greek word for
cleansing (ocunktikog, sméktikos), since the mechanical proper-
ties of these phases reminded early researches of soap systems.”®

Another type of liquid crystals is the class of columnar
mesophases.®*®* As obvious by its name, in this phase, the
building blocks assemble into cylindrical structures (Fig. 4G).
LCs in this phase are sometimes also called discotic liquid
crystals, since columnar structures are often composed of stacked
flat-shape discotic molecules, such as triphenylene.?**>

2.2 Elasticity and surface anchoring

One striking property of liquid crystal mesophases is the
existence of elastic deformations and long-range elastic interactions.
From the point of view of statistical mechanics, such interactions
are bound to emerge in systems with a long-range order charac-
terized by a continuous symmetry.**®” For example, in liquid
crystals, one can globally rotate the mesostructures without
changing the free energy. As a result, long wavelength orienta-
tional perturbations become possible which have low free energy
cost and dominate the interactions between defects at large
distances. The three basic elastic modes in nematic liquid
crystals (bend, splay, and twist) are illustrated in Fig. 4H. Such
a mode with wave vector k and deformation amplitude w; is
associated with a free energy penalty per volume (the elastic
energy) Af (ux) = KK* |ui|?, where K is the Frank elastic constant of
the mode (unit N). This form is imposed by the requirements that
the elastic energy must vanish for deformations with infinite
wavelength (k & 0) and that the free energy may not depend on
the sign of the wave vector (k or (—k)) nor that of u;. Higher order
contributions that are proportional to k* or |u|* are also present,
but can be neglected compared to the quadratic terms at small &
and for weak deformations.

The elastic perturbation field created by defects can be
described by a superposition of elementary perturbations uy.
The deformation fields of two defects also superimpose each
other, they can screen of amplify each other. Since the total free
energy depends on |u? this induces longrange effective
interactions, which are very similar to electrostatic inter-
actions.”® For example, point like defects at a distance r
experience Coulomb-like forces that decay as 1/r% and two
parallel line defects confined by a slab of thickness d repel or
attract each other with a force proportional to d/r, corres-
ponding to a Coulomb force in two dimensions.®’

One important consequence of this elastic behavior is that
interactions of liquid crystals with surfaces can influence their
structure deep in the bulk. Surfaces typically have an orienting

This journal is © The Royal Society of Chemistry 2020
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effect on liquid crystals, usually referred to as surface anchoring.
The two most prominent types of surface anchoring in nematic
liquid crystals are homeotropic anchoring, where the surface
interaction favors a director orientation perpendicular to the
surface, and planar anchoring, where the preferred orientation
is parallel. In the latter case, in technological applications such as
LC displays, surfaces are often prepared such that they favor a
certain in-plane direction. The anchoring strength is typically
characterized by the so-called anchoring energy parameter,
W (unit ] m~?), which depends on the chemical composition of
the surface and on the surface morphology. The ratio K/W
(unit N/ m> = m) is called extrapolation length, &, and is
typically between 50 nm and 10 pum.*®

2.3 Defects in liquid crystals

In many liquid-crystalline phases, there are different types of
common defects. As an example, in a nematic mesophase, the
continuous orientational symmetry is often broken. As men-
tioned before, the word nematic originates from its pattern
(visible dark line) under a microscope. These lines are defects
in the orientational order.®*°* The theory of defects is therefore
widely discussed in liquid-crystalline matter,”*%%9>°¢ and
defects in liquid crystals are considered extensively from both
academic and practical points of view.®®”” Defects in liquid
crystals typically belong to the class of topological defects.’”
In fact, one of the most precise existing and established formal
definitions for defects in soft matter is the one for a liquid-
crystalline ‘“non-uniform molecular alignment that cannot be
transformed into a uniform alignment without creating other
defects”, laid down in IUPACS purple book.’® LC-related defects
are also relevant in technology. In optics, for example, defects
usually play a detrimental role, such that defect walls in twist
nematic cells or disclination in cholesteric cells are used in dye
microlasers. More recently, defect structures have also found
applications in three-dimensional photonic liquid crystals,
bistable displays, and smart memory cards.®’

As mentioned before, defects are important features in
liquid crystals, and have therefore been widely discussed in
many liquid crystal papers and textbooks. What is presented
in this subsection is just a short summary mostly from papers
of Kleman on defects in liquid crystals,”*°>**°° and textbooks
edited by Blinov®® as well as Collings and Hird.”®

2.3.1 Nematic phases. The most prominent defects in
nematic liquid crystals are the disclinations, which are topo-
logical line defects. Examples are shown in Fig. 54, in which
disclination lines are shown by red lines (bottom) or red circles
(top: the line is perpendicular to the plane of the figure).
Disclinations are characterized by their disclination strength
of winding number m. A vector which traverses a full counter-
clockwise loop around the disclination and changes its direc-
tion according to the director field, would rotate by an angle
Ap = m x 2r after finishing the loop. If m = £1/2, then the
director rotates by m for one full loop around the disclination.
If the rotation axis is parallel to the disclination line, the defect
is called wedge defect. If it is perpendicular, it is called twist
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Fig. 5 (A) Examples of line defects (disclinations) in nematic liquid crystals. In the wedge defect case, the disclination line is perpendicular to the plane of

the figure (red circle). In the twist defect case, it is shown as thick red line. To determine the winding number or defect strength m, one considers a virtual
vector (black arrows) which surrounds the disclination in counter-clockwise direction along a closed loop (thin red line), while always aligning with the
local director field. In total, the vector then rotates by the angle m = 2n. (B) Corresponding Volterra processes; see the main text for explanation.
(C) Nematic texture under a polarized-light microscope with crossed polarizers showing four types of wedge defects with defect strengths m = £1/2 and
m = £1. The director is always in the plane of the figure and is oriented in the P or A direction in the dark regions. Since it rotates by m = 2 on a loop
surrounding the defect (see A), 4m dark bands emerge from defects with strength m. (D) Illustration of hedgehog defects. Here the defect core is a point.
For radial defects, the director points towards the core. For hyperbolic defects, the director field has a hyperbole shape and uniaxial symmetry in one

direction (here: z direction). Panel C is adapted from ref. 100; copyright 2017 Nature Research.

defect. Most defects in liquid crystals are wedge defects with
winding number m = +1/2 or m = 1.

A popular way to characterize line defects is the Volterra
process (Fig. 5B). First, the Volterra knife is applied, i.e., a cut is
made along a half-plane starting at the dislocation line.
In wedge defects with m > 0, a wedge of angle m x 2w is then
removed and the material is contracted to fill the void. In wedge
defects with m < 0, a corresponding wedge of material is
inserted. To this end, the Volterra cut is separated into two
lips with the opening angle m x 2w, the new wedge of material
is inserted between the lips, and the structure is relaxed. The
procedure to create twist defects is similar. After applying the
Volterra knife, the two lips are twisted by the angle m x 2%, and
finally relaxed. Nematic defects can be visualized in a polarized
light microscope using crossed polarizers. A wedge defect with
strength £1/2 is identified by the appearance of two dark bands
under a microscope. A wedge defect with strength +1 leads to
the formation of a four-bands pattern (Fig. 5C)."%°

In addition to the linear defects, nematic phases may con-
tain point defects that are called hedgehogs (Fig. 5D). They can
be constructed as rings of wedge disclination lines with
strength m = £1/2 and radius zero and carry a topological
charge Q = 2m = +1."°" At a certain temperature, hedgehogs are
observed in spherical drops of nematics floating in an isotropic
liquid, induced by competing surface anchoring conditions at
the isotropic-nematic interface.

Defects induce a considerable amount of distortion (splay
or twist and bend) in the surrounding director field (see

10816 | Soft Matter, 2020, 16, 10809-10859

Fig. 5A and D). The free energy penalty for defect formation
has two contributions, the core energy and the elastic energy of
director deformations. Note that the distortion fields of defects
with opposite winding number or charge tend to compensate
each other. This induces long-range attractive interactions
between them. The attractive interaction between defects with
opposite signs may lead to annihilation, which can be detected
by tracking the distance between defect pairs over time. %

2.3.2 Cholesteric phases. In the planar cholesteric texture
observed along the helical z-axis, line defects are more complex
than corresponding disclinations in the nematic phase.
Understanding the appearance of these defects is possible by
considering again the Volterra process. The same Volterra
transformations illustrated in Fig. 5B are also possible for
cholesteric phases.

2.3.3 Smectic A phases. Different types of defects are
formed in a Smectic A phase due to the layered structure. Steps
containing m-disclinations are formed during the preparation
of a smectic at the edge of a drop on a surfactant-covered glass
(Fig. 6A). In the smectic A, an additional smectic layer is
incorporated between two other layers, and a dislocation is
formed (Fig. 6B). Dislocation defects can also be described
by a Volterra process similar to that used to create wedge
disclinations. Instead of removing or adding a wedge, one
removes a slab of fixed thickness. The most striking features
of smectic textures are focal-conics, which are domains related
to pairs of conjugate conics.*>*** In a focal-conic pair, as shown
in Fig. 6C, the structure is formed by two cones with a common

This journal is © The Royal Society of Chemistry 2020
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ellipse base having apices at A and C and foci at O and O’. The
hyperbola B-B’ passes through focus O. The focus of the
hyperbola C coincides with the apex of the ellipse.’*'%1%4
In such a domain, smectic layers with constant thickness
form surfaces called Dupin cyclides. These are parallel tori.
A complete torus divides into two regions with a disclination in
between, one of negative Gaussian curvature and one of posi-
tive curvature.’® Focal conic domains commonly assemble in
large-scale clusters. These clusters form different textures such
as flower texture or quasi-hexagonal tiling, observable under a
polarized optical microscope (Fig. 6D)."*

2.3.4 Smectic C phases. In a smectic C phase, different
types of defects such as disclinations with strength of +1,
n-disclination, and focal conics domains including polygonal
and fan-shaped textures are observed. In addition, instead of
regular structures (Fig. 6E), so-called chevron patterns form
upon cooling from the smectic A phase. When a smectic A to
smectic C phase transition occurs, an increasing molecular tilt
angle results in a corresponding decrease of the smectic layer
thickness. The mismatch between the layer thickness values at
the surfaces and within the bulk leads to formation of chevron
structures, in which a layer kink or localized bend must
form.'°'% In such a pattern, the left and right chevrons are
separated by a zigzag form disclination line (Fig. 6F).%

2.4 Defect engineering in liquid crystals

Generally, defects in LCs have high elastic cost and appear as
an uncontrollable and unstable feature in the bulk. One aspect
of defect engineering in LCs is their stabilization, which is
possible by geometrical frustration, e.g., if LCs are confined in
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geometries that are incompatible with the orientational
symmetry.’® The stabilization of defects by geometrical frustra-
tion can be achieved, among other, by incorporating LCs into
cavities, porous materials, and microfluidic devices with
strongly anchoring surfaces. As an example, in a spherical
cavity with strong homeotropic anchoring, a point defect with
m = +1 (Fig. 7A) or a loop of disclination line with m = +1/2
(Fig. 7B) are formed depending on the size of the cavity and the
strength of elastic interactions.’® In addition, confinement of
LCs in specific geometries may induce new properties. As an
example, it has been shown that confinement of achiral LCs
can lead to reflection-symmetry breaking, and with that for-
mation of chiral configurations."® As an example, if a nematic
liquid crystal is placed in a cylindrical capillary, a frustration is
imposed between the uniform director field of an undeformed
nematic liquid crystal and the radial director field by the
boundary conditions. This frustration induces different types
of configuration, exhibiting mirror planes and thus being
achiral. This mirror symmetry can be broken to minimize the
elastic energy induced by frustration, which leads to the
formation of chiral configurations such as twisted escaped
radial (TER) and twisted planar polar (TPP) ones. Giesselmann
and coworkers investigated this idea experimentally by using
dislike micelles as achiral lytropic nematic liquid crystal,
confined in a glass capillary.""" The liquid crystal orients
normal to the capillary walls (homeotropically alignment). After
cooling from the isotropic phase, the authors observed a TER
configuration. This configuration further slowly relaxes over
several weeks into the corresponding nonchiral configuration.
Moreover, cooling from the isotropic phase under application

dislocation

n-disclination

(A) Steps at the edge of a drop of a smectic A phase containing a nt-disclination line. (B) Comparison of n-disclination and edge dislocation in a

smectic A phase. (C) Focal-conic defect structure in a smectic A phase. (D) Examples of focal-conic textures under a polarized-light microscope: flower
texture (left) and hexagonal texture (right). The scale bars represent 100 um. (E) Uniform structure of a smectic C phase. (F) Structure with chevrons and a
disclination between them. The schemes are adapted from ref. 89; copyright 2010, Springer. Panel D is adopted from ref. 105; copyright 2009

Multidisciplinary Digital Publishing Institute.
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(E)

(A and B) Defect structures of a nematic LC in a spherical cavity: (A) radial hedgehog and (B) disclination ring. (C) Four types of textures of defects

of a nematic LC under an electrical field (scale bar, 100 um). (D) Schematic illustration of a sample cell with patterned ITO electrodes for inducing a single
domain of the grid-like texture. (E) Spreading of the grid-like texture over the whole square region of the overlapped electrodes and formation of about
1000 packed defects with a regular spacing (scale bar, 200 um). (F—H) Pattern formation of a nematic LC under an electric field in the presence and
without micropillars: (F) 220 Hz (14.4 V), (G) 350 Hz (15 V), (H) 190 Hz (25 V). The scale bar represent 100 um. Panels A and B are reprinted from ref. 90;
copyright 2018 Royal Society of Chemistry. Panels (C—E), and (F—H) are adopted from ref. 121 and 122, respectively. Copyright 2016 and 2019, Nature

Research and Wiley-VCH, respectively.

of a magnetic field along the capillary axis induces another type
of chiral configuration, which in the absence of a magnetic
field transforms into a chiral configuration. The results show
that inducing chirality on achiral liquid crystals using geo-
metrical frustration is a general phenomenon in nematic liquid
crystals.'™* Nikoubashman, Milchev, and coworkers observed
novel nematic defect patterns when confining densely packed
stiff polymers to spherical cavities of comparable size."'*> The
authors demonstrated that at intermediate polymer densities,
the ordering of polymer chains is the nematic type with bipolar
defects. At the largest density in this work (0.7), however, the
surface layer develops tennis ball-like textures. The authors
point out that such patchiness provided by the topological
defects on the sphere surface can find important applications
for nanoparticles as building blocks for colloidal self-assembly.

2.4.1 Defect engineering in LCs with AC fields. Another
aspect of defect engineering in LCs is controlling their pattern
to form regular arrays. Such controlled patterns have a high
potential in polymer templating,"** colloidal self-assembly,"**
and designing innovative applications such as optical vortex
generation,™*® metasurfaces,'*® bistable devices,''” and optical
diffraction gradients."*®*° In a seminal work, Orihara and
coworkers introduced a method to control the director field of
defects in nematic LCs without preparing a pre-patterned mask
through the standard reorientation of the director supported by
an AC voltage, V."”! They showed that doping with a small

10818 | Soft Matter, 2020, 16, 10809-10859

amount of an ionic compound promotes formation and stabili-
zation of a large number of defects in a square arrangement
without annihilation as the applied voltage can be greatly
affected by the ionic groups. They utilized sandwich cells,
consisting of two parallel glass plates coated with indium-
tin-oxide (ITO), filled with a nematic LC and doped with an
ionic compound. The ITO glasses were spin coated with a high-
resistive, amorphous-fluorinated polymer dissolved in a fluori-
nated solvent to induce the homeotropic anchoring. For an AC
voltage of V =V, X cos(2nft), the results showed that at least
four typical textures of nematic LC can be formed by variation
of frequency f and amplitude V; (Fig. 7C). The applied voltage
increases upon increase of the frequency of the electric field.
In addition, this parameter influences the minimum voltage
required to observe a change of nematic textures under a
polarized microscope. At high frequency, a texture well-known
as umbilical is formed, consisting of randomly located defects
with topological charges (defect strength) of +1. By decreasing
the frequency, a striped pattern forms. Additional decrease of
the frequency induces orthogonal stripes that form a grid
texture. At very low frequency, a texture of homeotropic align-
ment is created, which is not optically anisotropic and therefore
observed as a dark field under a polarized microscope. At that
low-frequency region, the applied voltage is approximated by
V ~ [2(onclos)(ls/d) + 1]Vic, where V is the voltage, o the
electrical conductivity, d the thickness of the nematic liquid

This journal is © The Royal Society of Chemistry 2020
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crystals, and g and [ the corresponding terms for the alignment
layer. Therefore, in this region, doping of the mesophase with
an ionic compound, which affects the electrical conductivity,
can have significant influence on the nematic textures. To create
self-organized single domains in the grid texture, Orihara and
coworkers utilized a top-down approach. In this method, two
glass substrates with stripe-patterned ITO electrodes (with
typically several hundreds of microns) were placed such that
the ITO stripes cross (Fig. 7D), and then an AC voltage was
applied to the square regions of the overlap of the ITO stripes.
With that, uniform arrangements of defects are formed along the
edges of the square region. By growing these defects, the grid
texture spreads over the whole square region of the overlapped
electrodes and finally about 1000 defects are packed with a
regular spacing (Fig. 7E).

The arrays formed by this approach are sufficiently regular
to make a well-defined 2D diffraction pattern. However, there
are some shortcomings to use this system as a diffraction
grating such as stability of the pattern regularity upon
on-and-off of the field or change of the frequency and voltage.
To overcome some of these shortcomings, Serra and coworkers
have recently introduced a method for dynamic control of the
defect periodicity by micropillars.'** The micropillars are
strong attractors for defects that having radial alignment
(topological charge of +1) due to the perpendicular anchoring
of the nematic director. The concept of using micropillars to
control the location of LC defects has already been confirmed
for Saturn ring'** or smectic focal conics defects.'** Kim and
Serra showed that by using micropillars, the radial defects form
an ordered pattern everywhere, which is controlled by the
position of the micropillar (Fig. 7F). By increasing the
voltage above a threshold, the LC orientation arises randomly
in the area outside the pillar array. By changing fand V, from
370 Hz (15 V) to 190 Hz (25 V), defect spacing reduces, but
the ordering remains short range if the electrode surfaces have
no pillars (Fig. 7G and H). Kim and Serra also illustrated that by
use of a mixture of nematic LCs to adjust the refractive index,

Fig. 8
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the electro-optic performance of the grating system can be further
improved.

2.4.2 Defect engineering in curved LC films. Another level
of defect engineering in LCs is possible in thin LC layers if the
mesophases are frustrated due to curvature.'® This is the case,
e.g., when spherical colloid particles are coated with a thin layer
of a nematic LC with planar anchoring."*® According to the
hairy ball theorem, a tangential director field in a closed
spherical shell must contain at least one defect. In practice,
one usually observes several defects, which form in order to
relieve the elastic stress induced by the curvature.'>” Lopez-
Leon, Fernandez-Nieves and coworkers illustrated that defects
in such a shell have three different configurations: linear,
trigonal, and tetrahedral. The linear configuration consists of
two defects with m = 1 (Fig. 8A). The trigonal configuration
consists of two defects with m = 1/2 and one defect with m = 1
(Fig. 8B). The tetrahedral configuration consists of four defects
with m = 1/2 (Fig. 8C). Each configuration has specific number
and orientation of defects, which can be engineered by varia-
tion of the shell thickness.'?® Lopez-Leon and coworkers also
showed that the tetrahedral defect geometry can be changed to
a great circle of the sphere by closing the temperature to the
nematic-smectic phase transition temperature.'*® In another
work, Lopez-Leon and coworkers investigated the potential of
such defect engineering in cholesteric LCs."*® They showed that
the LC shells have two different defect configurations: bivalent
and monovalent. The bivalent configuration possesses two
highly structured defects, which are composed of smaller
disclination rings that pile up through the shell (Fig. 8D). The
monovalent configuration consists of a radial defect, which is
composed of two distinct disclinations, winding around each
other in a double-helix fashion (Fig. 8E). The number and
position of defects can be controlled by the ratio of the shell
thickness to the particle diameter as well as by the ratio of the
pitch to the particle diameter. The angular distance between
two defects at the outermost surface of the shell can be tuned
by variation of the ratio of the shell thickness to the particle

(A—C) Configuration of defects in a thin layer of a nematic LC coated on spherical colloidal particles: (A) linear, (B) trigonal, (C) tetrahedral.

(D and E) Configuration of defects in a thin layer of cholesteric LC coated on spherical particles: (D) Bivalent, and (E) monovalent. The scale bars represent
20 pm. Panels (A—C) and (G and H) are reprinted from ref. 126 and 129, respectively. Copyright 2011 and 2016, Nature Research and National of Academy

of Sciences of the United States of America, respectively.
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diameter. Above a critical value, the bivalent configuration
cannot be formed anymore. This value is controlled by the
ratio of the pitch to the particle diameter. In addition, the
transition between two configurations is possible and can be
controlled by the shell thickness. Similar to their previous
works, Lopez-Leon and coworkers prepared core-shell particles
by a glass capillary microfluidic device and varied the shell
thickness systematically by change of the difference of the
osmotic pressure between the core and the continuous phase.
The authors showed that by increasing the ratio of the shell
thickness to the particle diameter, the two defects (of bivalent
configuration) get progressively closer. At a certain critical
angular distance, which depends itself on the shell thickness,
the two defects jump together toward the center of the shell and
assemble to form a single defect. As another example, Lagerwall
and coworkers studied defects and their alignment in a series of LC
shells that surrounded spherical droplets. The droplets were dis-
persed in an incompatible liquid as a continuous phase.”*® The
authors demonstrated that by variation of the surfactant in both the
inner droplets and the continuous phase, the kind of alignment of
the liquid crystal shells at the inner and outer interface (planar or
homotropic) can be controlled. In this system, a nematic-smectic A
transition makes a series of compelling textural developments
with a regular array of focal conic defects. In addition, by
variation of the shell thickness, the number of defects and
periodicity of the generated pattern can be controlled.™°

2.4.3 Defect engineering in systems of colloids and liquid
crystals. If a molecular nematic liquid crystal serves as a host
medium in a colloidal suspension, the interaction between the
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colloids and the nematic fluid gives rise to a series of unusual
phenomena. The effect of the colloids on the surrounding LC
fluid depends on the extrapolation length, &., which is the ratio
of the dominant Frank elastic constant K and the anchoring
energy W as explained above. If the diameter of the colloidal
particles is much smaller than this ratio, the effect of the
boundary conditions is negligible, and particles induce no
defects into the system. At that condition, the director align-
ment in the vicinity of the particles is similar to the far-field
uniform alignment of the LC director. In contrast, when the
diameter of the particles is much larger than ¢, the director
around the particles is distorted. Colloids with strong home-
otropic surface anchoring act as radial point defects (radial
hedgehogs) with topological charge Q = 1. To compensate for
the corresponding elastic deformation, one of two types of
defects may form depending on the size of the particle:3%'31132
A satellite point defect with topological charge Q = —1
(a hyperbolic hedgehog defect) (Fig. 94) if the colloid is large,
or a Saturn-ring defect, i.e., a wedge disclination ring with a
strength of —1/2 (Fig. 9B) if the colloid is smaller.”*'***3* The
interaction of defects with opposite sign leads to defect-particle
pairs with dipolar or quadrupolar symmetry, respectively. Such
stable defects significantly influence the flow properties due to
their elastic interaction with solid surfaces.

The shape of colloidal particles has a significant influence
on defect formation as well. Colloidal particles in the form of
thin foils, with two lateral dimensions larger than . and one
dimension smaller than &, generally induce no additional
defect in LC continuous phases. By changing the shape of such

(€)

BB BB BB

(E)

(A and B) Defect structures of a nematic LC around a spherical particles: (A) hyperbolic hedgehogs and (B) Saturn rings (disclination lines). (C) Self-

assembly of colloidal particles in LCs. A straight chain forms when point defects (boojums) exist at the surface of the LC. A zigzag chain forms when
defects are of Saturn-ring type. The scale bar represents 50 um. (D) Attraction of assembled colloidal chains forms 2D structures. (E) Star-like pattern of
colloidal chains around a boojums defect in a nematic LC. Panels (A and B), and (C and D) are reprinted from ref. 90 and 139, respectively. Copyright 2018
and 2008 Royal Society of Chemistry. Panel E is adopted from ref. 141; copyright 2014, Elsevier.
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particles, patterning of defects (like colloidal particles in
nematic LC) is possible, but their properties are different from
both microparticles larger than £, with strong boundary con-
ditions or nanoparticles smaller than &, with effectively weak
surface anchoring.®®'**> As an example, platelet colloids with
odd and even numbers of edge faces exhibit well-defined
alignment and elastic deformations of the LC vector with
dipolar or quadrupolar symmetry, respectively. The dipolar
structure of platelets with odd numbers of edge faces does
not give rise to point or line defects in the bulk of a LC
continuous phase, but only causes defects at the interface of
the particles and the LC continuous phase.'?®

The defects also influence the arrangements of colloids.
The elastic interaction between the particle-defect complexes
stabilize chain-like aggregates. The shape of the assembly depends
on the type of the defects, satellite point defect or Saturn-rings
(see Fig. 9C)."** When colloidal particles are confined into a
homogenous layer of a nematic LC between two glass plates,
self-assembled colloidal chains can attract each other to form 2D
structures (Fig. 9D)."**'*° Gharbi and coworkers investigated the
self-assembly of colloidal particles in two different systems. In one
system, the colloids were placed at a flat air/nematic interface.
In the second system, the colloids were confined at the surface
of bipolar nematic droplets dispersed in a water phase.'*' Using
microscopy and optical tweezers, for the first system the authors
suggested strong attachment of the colloidal particles into dis-
clination defects at the bulk of the LC, which leads to self-assembly
of the colloids and formation line-type structure. The authors also
observed that the interaction between the particles and the
nematic phase is stronger for a thinner layer of the LC. In the
second system, the colloidal particles assemble into linear chains
along longitude lines connecting the North and South poles of the
nematic droplets, where surface-bound point defects (boojums
defects) are located. By growing these chains over time, they form
star patterns around the boojums (Fig. 9E). By heating the nematic
phase to convert it to an isotropic liquid, the star patterns
disappear as well.'*! In addition to linear and 2D assembly,
colloidal particles can be assembled in three dimensions using
defects of LCs."*'** Musevic and coworkers studied and con-
trolled colloidal particles in a nematic phase. They considered that
each particle is accompanied by a topological point defect, which
forms a topological dipole. They used laser tweezers to control the
spatial and temporal positioning of these topological defects, and
with that, the assembly of 3D nematic colloidal crystals.'*?

We end this section by noting that LCs have many applica-
tions in industry, among them displays might be the best-
known application. In addition, LCs have found different
non-display applications such as light shutters, scanners for
printers, temperature and electric field mapping, spatial light
modulators, imaging systems, or optical signal processing
applications. In addition, LCs have been considered in phar-
macy and medicine. Examples are lipid lyotropic liquid crystal-
line mesophases as drug delivery materials, or cubic and
inverse hexagonal phases as imaging agent in magnetic reso-
nance imaging (MRI). Display and non-display applications
of LCs have been extensively highlighted and reviewed.'****°

137,138
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One of the key points in developing current and potential
applications of LCs is their topology including how their
nanoscopic domains are organized.'*® In this sense, defects
should be considered as a prime factor of influence. Generally,
for display applications, defects should be removed; however,
intrinsically deformed orientational order of defects can in fact
create optoelectric and elastic effects, facilitating various appli-
cations such as templating for colloidal assembly,®*'** or
microlens arrays and photomasks.'®"'>> Another example is
the cholesteric blue phase, in which regularly aligned disclina-
tion lines with a cubic symmetry are utilized in displays
because of a fast response."”* Recently, Abbott and coworkers
reviewed examples of specific advances in the intersection
between LC science and other fields of soft matter involving
surfactants, polymers, and colloids.”>* As shown in this per-
spective, in the intersection of LCs and surfactant science,
topological defects in LCs are utilized to selectively trigger
the self-assembly of amphiphiles under conditions where the
amphiphiles are singly dispersed in the bulk of LCs. In the
intersection of LC and polymer science, topological defects are
used for the templating synthesis of polymeric micro and nano
particles. The authors have mentioned areas of future research
that have the potential to provide fundamental and practical
advances in the design of LC-based soft matter systems. One of
these areas is the selective assembly of amphiphiles within
defects, in a sense of understanding the effect of defect
strength or architectures of amphiphiles on the self-assembly
in topological defects. The self-assembly of peptide amphi-
philes, for example, has many applications ranging from con-
trolled gene and drug release to 3D cell culture and tissue
engineering.'*’

3. Colloids

Colloids are a class of materials that have at least two compo-
nents, one dispersed in a second. At least one component of the
dispersed phase should have a size in the range of 1 nm-1 um
in at least one of its geometrical dimensions.">® This very
general definition covers a wide range of materials and applica-
tions, such as cosmetics, foams, adhesives, emulsions, inks,
paints, or food stuff. The term colloid originates from the Greek
word “xk6Ala” (cola), which means glue. Colloids can be
classified according to the state of the phases or according to
their stability.">”">® What is presented in this section is about a
specific category of colloids with the definition of solid or
liquids particles, each about a few tens or hundreds of
nanometers in size, dispersed in a fluid and kept suspended
by thermal fluctuations.

Colloid materials are of specific interest for fundamental
reasons in the field of physical chemistry and also for practical
reasons in many technical applications. Synthetic colloids that
have dispersed phase with a well-defined size distribution are a
model for understanding phase transitions.'>® These colloids
can form crystals and other phases of matter seen also in
atomic and molecular scales. The advantage of colloids,
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though, is the ability of direct observation of phase transitions
under optical microscope, due to the comparably large size and
slow motion of the particles. Even relatively small colloids with
sizes below the optical resolution limit can be investigated
by scanning electron microscopy or transmission electron
microscopy.'®>'®" In addition, the ability of colloids to form
phases that are ordered on the scale of visible-light wavelengths
entails optical properties, which renders these colloidal materials
suitable for applications in photonics.'*®

3.1 Defects in colloids

As mentioned above, colloidal particles dispersed in a solvent
can self-assemble into ordered crystalline structures; as such,
they may contain the various stereotype defects encountered in
crystals. For example, two-dimensional colloidal crystals on a
flat surface mostly arrange as a six-fold coordinated triangular
lattice.'®® Important point defects are the 5-fold or 7-fold
coordinated disclinations, which are characterized by their
topological or disclination charge, g, where ¢ = 6 — ¢, and c is
the coordination number (5 for a five-fold defect and 7 for a
7-fold defect), and the dislocations, which can be described as
a pair of tightly bound disclinations with charges ¢ = +1
(Fig. 10A)."®® The disclination charge of such pairs is zero,
and therefore they do not change the total disclination charge
of a colloidal system. Such point defects can be created by
manipulating individual particles with optical tweezers.'®*'°¢
Removing one or two colloids from a perfect triangular lattice
results in a mono or di-vacancy and to a topological arrange-
ment of five-fold and seven-fold disclination defects around the

(A) Disclination Dislocation  (B)

17.6 um

Fig. 10
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cores of the mono and divacancies. Such defects have signifi-
cant influence on the physical and mechanical properties of
materials. One example is the mediation of stress relaxation in
crystalline solids by formation and diffusion of topological
defects. As revealed by experiment and simulation, when a
single particle in a two-dimensional soft colloidal crystal is
activated by optical tweezing, new five- or seven-fold defects
form in the Ilattice, which creates additional relaxation
mechanisms."®” Structure, energetics, and dynamics of these
defects have been studied by experiments and simulations.'*®™7°
Geometrical frustration is another driving force to induce defects
in colloidal crystal structures.'”" A flat triangular lattice cannot
wrap on the curved surface of a sphere. Formation of such a
wrapped lattice therefore requires topological defects.'*’
According to the Euler theory, the total disclination charge of
any triangulation of the sphere must be 12.'”> Bausch and
coworkers studied the structure of two-dimensional packing of
colloidal particles on the surface of spherical water droplets."®>
Their colloidal system consisted of self-assembled, 1 nm sized
crosslinked polystyrene beads adsorbed on the surface of
spherical water droplets, suspended in a toluene-chloroben-
zene mixture. They found that while the total disclination
charge is 12, the number of defects is more than 12. The excess
defects consisted of pairs of five-fold and seven-fold disclina-
tion aligned in chains (Fig. 10B). To analyze this observation,
Bausch and coworkers developed an elastic model showing that
a single isolated five-fold disclination causes a large local
elastic strain, resulting in a large elastic energy penalty. To
avoid that, the crystal creates chains of defects, which gradually
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(A) Schematic sketch of selected defects in 2D colloidal crystals: 5-fold and 7-fold disclination with charge —1 and +1, respectively, and

dislocation. (B) Light microscope image of a water droplet coated with polystyrene particles and associated triangulation. The radius of the water droplet
is 43.9 um, and the mean particle spacing is 3.1 um. Disclinations with charges of +1 and —1 are illustrated by red and yellow color, respectively. The scale
bar represents 5 um. (C) Number of excess dislocations in the colloidal system of panel (B) as a function of the system size, quantified as the ratio of the
droplet radius to the mean particle spacing. (D) Confocal micrographs of crystals grown for a few hours on droplets with various curvatures. The radii of
the curvature are presented below the micrographs. Dotted circles show the droplet surface. (E) Incorporation of shape-shifting building blocks into a
self-assembled colloidal architecture in a two-dimensional hexagonal lattice (white spheres). The colloidal crystal is doped with a small amount of
reconfigurable colloids, which act as substitutional impurities. At the center of the lattice, this substitutional impurity is shown. The green color shows oil,
and the red color shows the colloidal substrate. This impurity creates strain in the lattice (left scheme). The strain disappears by time when the
substitutional particle changes its morphology (right scheme). Panels (B, C) and D are adopted from ref. 162 and 175, respectively. Copyright 2003 and
2014, American Association for the Advancement of Science. Panel E are reprinted from ref. 180; copyright 2016 Nature Research.
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reduce the strain.'®® Irvine and coworkers argued that for
general curved surfaces, curvature stress in two dimensional
colloidal surfaces can be relaxed by lines of dislocations (i.e.,
topologically uncharged disclination lines), so-called pleats.”®
Curvature is also expected to have a strong effect on defect
formation and coarsening.'”*

In another work, Meng and coworkers studied the structure
of rigid 2D colloidal crystals growing on the inside walls of
highly curved spherical water droplets.'”® The colloidal system
consisted of an aqueous dispersion of 1 pm sized polystyrene
particles and 80 nm sized poly(N-isopropylacrylamide) hydrogel
particles. This aqueous phase was emulsified in silicone oil.
The presence of the poly(N-isopropylacrylamide) particles
induces depletion attractions between the polystyrene spheres,
which confine them to the droplet interface and force them to
adopt the curvature of the droplet as they grow. Grown 2D
crystals on flat surfaces (droplets with very large radius, larger
than 2 mm in that work) are commonly compact. However,
crystals that are grown on a spherical surface are composed of
thin, single-crystal segments that wrap around the surface.
These segments are called ribbons, and their widths are much
smaller than their lengths (Fig. 10D). In droplets with higher
surface coverage, the ribbons join together to form branched
patterns with voids and gaps between them as defects. Beyond
a critical crystal size, further growing of these ribbons is limited
due to elastic instability. While this limitation can be tackled by
incorporating topological defects, Manoharan and coworkers
illustrated that in their system, due to the short-range attrac-
tion, formation of such defects costs energy and is therefore
impossible.'”*

3.2 Defect engineering in colloidal systems

For the self-assembly of colloidal particles into crystals, differ-
ent ways of defect engineering are possible. As shown before in
the discussion about the work of Bausch and coworkers, when
colloids are frustrated on spherical surfaces, chain-aligned
excess defects consisting of pairs of five-fold and seven-fold
dislocations are formed."®> One possibility of engineering such
defects is controlling their number. As illustrated in the work of
Bausch and coworkers, the number of these excess defects can
be controlled by the ratio of the droplet radius to the mean
particle spacing (Fig. 10C). When this ratio is smaller than ~4,
the number of defects is fix (= 12). Above this critical value,
excess defects are formed, and in a good approximation, their
number has a linear relationship with the mentioned ratio.
Another area of defect engineering can be considered for the
branched patterns of joined ribbons in the self-assembly of
colloidal particles on a curved surface via depletion attraction.
These patterns can be changed by variation of the radius of the
sphere surfaces, e.g. by the radius of water droplets as in
the systems described by Manoharan and coworkers (see
Fig. 10D).'”°

The self-assembly of colloidal particles can also be con-
trolled through the use of patchy particles.'”® Patchy particles
are surface-patterned particles with a controlled number of
favored interaction areas, which are symmetry-breaking zones
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with chemical (sticky patches) or topographic (such as dimples)
discontinuities.’””’”® Due to the specific shape of these parti-
cles and due to the asymmetric interactions patterned on them,
the interactions between these particles are selective and
directional, resulting in assembled structures with substan-
tially fewer defects than in those formed from conventional
particles."”® The self-assembly of patchy particles may lead to
the formation of reconfigurable materials, which are able to
erasing the inherent defect occurrence during the colloidal
assembly process. As an example, Sacanna and coworkers
described a new approach based on dewetting forces.'®® They
showed that solid particles encapsulated in oil droplets can be
dewetted by chemically reducing the oil phase affinity towards
the colloidal substrate, which leads to new colloidal morphol-
ogies. Such system has the ability of erasing defects due to the
dynamic changing of the particle morphologies, as illustrated
in Fig. 10E.

In the case of formation of an ordered surface pattern by
colloidal particles via drop-deposition on a substrate, defect
engineering can be achieved by control of the wettability of the
substrate. This parameter has a significant influence on solvent
evaporation, which controls the order and quality of the surface.
Lyutakov and coworkers studied the influence of surface modifi-
cation of Au substrates via hydrophilic or hydrophobic substitu-
ents on the size and quality of a closed-packed polystyrene single
domain.'®" Their results illustrated that substrates with hydro-
philic 4-carboxyphenyl modified surfaces show dislocation-like
defects. By contrast, Schottky-like defects caused by missing
of polystyrene spheres are dominant on substrates with 4-sulfo-
phenyl functional groups, which have higher hydrophilicity than
4-carboxyphenyl groups. Modification of the Au substrate with
hydrophobic functional groups disrupts the order of polystyrene
microsphere arrays, which leads to strong deviations from a
closely packed arrangement.®!

4. Polymers

A polymer is “a molecule of high relative molecular mass, the
structure of which essentially comprises the multiple repetition
of units derived, actually or conceptually, from molecules of low
relative molecular mass”.*® This perception was recognized by
Staudinger in 1920.”"7? Before this time, polymeric materials
had been considered as micelle-type aggregates, since their
solutions exhibit properties like those of polydisperse, colloidal
dispersions. Staudinger was later awarded the Nobel prize
in 1953 for his prolonged efforts in this field.'®* In the past
100 years, polymers have gained such broad relevance that the
20th century might rightfully be termed the plastic-age, and
today, polymers and polymer-based materials play a role in
almost every branch our daily lifes, and a wide range of this
type of soft matter, including plastics, rubbers, fibers, adhe-
sives, and more, are produced in mass amounts for different
industries such as packaging, film, textile, membrane, coating,
automotive, and electronic enterprises. Polymers are classified
in several ways like their synthesis method, chemical structure,
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or architecture. Regards to the latter, polymers can be generally
divided into linear, branched, and crosslinked chains.

4.1 Linear polymers with controlled moderate degrees of
branching

The requirement for materials with tailored properties is the
central driving force in the preparative polymer sciences.'®
One of the critical molecular parameters connected to proper-
ties and functionalities is the polymer main-chain architecture,
such that manipulation of that architecture enables manipula-
tion of the properties without alteration of the actual chemical
composition."** ™ For a linear macromolecule, such a basic
structural variation can be modulated by introducing branches
to the chain backbone, which can be done with different
density as well as different length and distribution of the
branches. The resulting versatile potential for structure and
property variation has been a strong driving force to extensive
investigation of branched polymers during the last two decades.

Today, branching is a general term for a huge class of
polymer structures. As an example, comb polymers are a class
of branched macromolecules consisting of a linear backbone
with a low grafting density of branch chains. Another example
is brush polymers, which have a comb-like structure, too, but
with a significantly higher grafting density of branches.'®®
In semi-crystalline polymers, branching has significant influ-
ence on the structure of crystallites. By increasing the branch
content in polyethylene, for example, the unit cell parameters
(a and b) and the associated unit cell basal area (ab) increase."®’
Branched polymers show completely different physical proper-
ties in comparison to linear polymers having the same molar
mass. For example, in semi-crystalline polymers, branched
polymers have lower degrees of crystallinity and lower melting
points than their linear counterparts.”® In addition, branching
has a significant influence on the glass transition temperature.
Miilhaupt and coworkers synthesized a series of branched
polyethylenes via metallocene-based copolymerization of ethy-
lene and propylene, or 1-buten, or 1-octen, which gives different
extent of branching.'®! Investigation of the thermal properties
of these polymers illustrated that the glass transition tempera-
ture generally decreases upon increase of the number of
branches per chain and/or the length of the branches. A similar
trend was also reported by Huang, Yan and coworkers based on
their experimental and theoretical work.">

An attractive approach to make well-defined branched poly-
mers is transition-metal catalyzed polymerization in which the
metal-alkyl complexes define the location where a monomer
can be added to propagating chains.'®® In contrast to many of
the methods for the synthesis of polymers with controllable
architecture, polymerization using transition metals does not
include multi-step organic synthesis and does not require
specially designed monomers. By this method, polymers with
a different range of branching densities, from linear to highly
branched (vide infra), can be synthesized. Another advantage is
that this approach is widely utilized to control branching in
polyolefines like polyethylene, which is produced in amounts of
millions tons per year for broad applications such as fibers,
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plastics, and elastomers.'”*™%° In a seminal work, Guan and
coworkers introduced chain-walking polymerization concepts
to control the branching of polyethylenes by utilizing
Pd-diimine catalysts.'®® In the chain-growth step, the metal
center walks randomly along the polymer chain, and hence,
addition of the monomer to the growing chain occurs randomly
instead of at the chain end only. In this mechanism, the degree
of branching is controlled by the ratio of the chain walking rate
to the chain propagation rate, which is tunable by the poly-
merization conditions such as pressure and temperature.'**'>
The chain-walking polymerization method has been widely
used to adjust the thermal, rheological, and mechanical proper-
ties of polymers, specifically for macromolecules formed from
a-olefin monomers.'**™° In addition, Alamo and coworkers
showed that chain-walking polymerization can be utilized to
synthesize isotactic polypropylene with regional defects caused
by irregularity in distribution or density of methyl groups along
polymer chains.?®® They illustrated that at comparable defect
density, polypropylenes with such chain-walking defects have
lower melting points and much lower degrees of crystallinity
than isotactic polypropylenes with regional defects induced by
copolymerization with other 1-alkene comonomers.>*°

Beyond structural variation of linear polymers through
introduction of moderately branched content into their micro-
structure by controlled-architecture polymerization, the proper-
ties of these polymers can be engineered and modified by
methods like blending and functionalization. In a specific
viewpoint, such modification methods can be categorized as
defect engineering via the incorporation of dopant defects
into polymers. These property-adjusting methods have been
extensively studied and reviewed for different types of
polymers.?°*2% For this reason, a deeper discussion of this
topic is excluded from this paper, and only two examples are
presented to highlight the potential of these methods for modi-
fication of polymer properties. Kumaraswamy and coworkers
modified the shrinkage of high density polyethylene melts
upon cooling induced by crystallization via the addition of
~0.4% dimethyl dibenzylidene sorbitol and ~10% of linear
low density polyethylene.”’® With this modification, the
warpage of high density polyethylene in a three-dimensional
printing process is significantly minimized. This approach was
even applicable for recycled polymers that were processed at
least one time before use in the 3D printing process. Lele and
coworkers modified the poor melt elasticity of telechelic poly-
(t-lactic acid) by conversion of hydroxyl end groups into ionic
groups.”’®” The resulting ionomer demonstrated a significant
increase in the melt elasticity compared to the precursor
polymer due to the coulomb interactions of its ionic groups.

4.2 Dendritic polymers

The next level of polymeric structural complexity beyond
the bottom of linear chains with little or medium extent of
branching are dendritic polymers; these are a prime example of
a scientific breakthrough in the synthesis of sophisticated
macromolecules.’*® ' From a structural viewpoint, dendritic
polymers can be classified in two major groups: monodisperse
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Fig. 11 Schematic classification of dendritic polymers. Adapted from ref. 212; copyright 2012 Royal Society of Chemistry.

and regular frameworks such as dendrimers and dendrons, and
polydisperse and irregular frameworks such as hyperbranched
polymers (HBPs), dendrigrafts, dendritic-linear hybrids, and
dendronized polymers (Fig. 11).>"'" The latter are bottle-
brush polymers with repeatedly branched dendron side chains,
as defined by Schliiter.>”® Upon increase of the dendron
generation, the densely packed side chains lead to an increase
of the shape-persistence and cross-section of the polymers.
Due to the high grafting density of dendronized polymers,
dendron-generation and molecular-weight dependent rheo-
logical measurements revealed unusually long thermal equili-
bration times in the molten state, as shown by Vlassopoulos
and coworkers.*"*

The following section has a main focus on the larger classes
of dendrimers and hyperbranched polymers. Dendrimers are
perfect regularly branched macromolecules whose name origi-
nates from the Greek words d&'vdpov (dendrons), meaning tree,
and pe’pog (meros) meaning part.”'* Hyperbranched polymers
(HBPs) are mimics of dendrimers, resembling their dendritic
structures but with the presence of statistically distributed
structural defects.>"> At a given molar mass, in comparison to
linear macromolecules, dendritic polymers are generally more
soluble,”™® and their solution viscosity is lower.”""'® Very
generally, the intrinsic viscosity and radius of gyration of
dendritic polymers are reduced by increase of the molecular
compactness,”*>**'  which depends on the synthesis
conditions."**?**7**" These materials are almost exclusively
amorphous and have lower glass transition temperatures than
their linear counterparts.>'®**®> Due to these special physical
properties as well as due to their unique three-dimensional
tree-like topologies and multivalent functionalities, this class of
soft matter is found to have exciting potential in cutting edge-
applications such as sensing, light-harvesting, surface engi-
neering, enzyme-like catalysis, and targeted delivery.>*®>%*

4.2.1 Defects and defect engineering in hyperbranched
polymers and dendrimers. A dendrimer consists of two types
of structural units: terminal units on the globular surface and
dendritic units inside the specimen. By contrast, a hyperbranched

This journal is © The Royal Society of Chemistry 2020

polymer has three types of structural units: dendritic units, linear
units, and terminal units. The terminal units are always located at
the termini, but the dendritic and the linear units are randomly
distributed within the macromolecular framework and may form
structural defects there.”*>>*°

While dendrimers have a unique size and symmetric struc-
ture without any structural defects, the tedious stepwise proce-
dure for synthesizing dendrimers often results in expensive
products with limited availability, and therefore, in a restricted
use for large-scale industrial applications. In contrast, hyper-
branched polymers are often easy to synthesize in a large-scale
single-step synthetic process and are therefore considered as
attractive alternatives to dendrimers in the field of materials
engineering.”'%**”7?*° The main limitation for actually reaching
this target is their uncontrolled statistical growth during
polymerization, which results in structural defects, and with
that, in uncontrolled variation of their properties.>'" The main
solution to address this limitation is to aim for engineering of
these defects. Even more: the actual key to preparing a HBP that
possesses effective cost as well as controlled properties is to
engineer its structural defects.

4.2.1.1 Defect engineering in HBPs by control of the degree of
branching. Defect engineering in HBPs is accessible by devel-
oping synthesis methods to set the degree of branching (DB),**°
on a desired value, ideally such to becoming able to vary the DB
between 0% (linear chain) and 100% (dendrimers). The most
common synthetic route to hyperbranched polymers involves a
one-pot procedure in which AB, monomers are condensed.>*****
HBPs can also be synthesized by self-condensing of vinyl mono-
mers (AB*) containing an initiating moiety (B*) in addition
to their double bond****** or by multibranching ring-opening
polymerization for monomers such as glycidol containing one
epoxide and one hydroxyl group.

Generally, the degree of branching in HBPs can be con-
trolled by the conversion of the polymerization reaction. Yan
and Miiller have shown that the DB of HBPs prepared by both
condensation of AB, monomers and self-condensing of AB*
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monomers increases by propagation of the polymerization and
increasing the conversion.>*® In addition, when AB* is utilized
with another vinyl monomer to synthesize a HBP, the ratio of
the two monomeric species is a key parameter to control the
degree of branching.>*” One approach to increase the DB is
changing the functionality, x, in AB, monomers.>*®***° For
example, comparison of hyperbranched poly(ether ketone)s
formed by AB,, AB;, and AB, monomers with the same subunits
revealed higher DB, 72%, for the polymer obtained from AB,
monomer compared to the polymer obtained from AB,
250251 A similar effect has been reported by Kakimoto
and coworkers for hyperbranched aromatic polyamides.>*’
Another approach to control the DB in HBPs is the variation
of the ratio of the rate constant of the linear unit, k;, to the rate
constant of the terminal unit, k1.>°***® Frey and coworkers
proposed a relationship between this ratio and the DB for AB,
monomers. They showed that a degree of branching of 80%
can be achieved if &/ kr = 5.>>* To synthesize compounds with
DB = 100%, different approaches have been reported that
depend on the monomer type. As an example, Maier and
coworkers applied a cycloaddition of azine and diisocyanate
to synthesize hyperbranched polymers with 100% DB using the
reversible formation of an unstable azomethinimine.>*®
In another work, Smet and coworkers utilized an acidic-catalyst
for the condensation of an isatin-based AB,-type monomer with a
highly reactive phenoxy group®® or monomers containing ace-
naphthenequinone units®®’ to synthesize hyperbranched poly-
mers with 100% DB. Such acidic-catalysis is also efficient for
fluorenone compounds.”*® In addition, Bo and coworkers synthe-
sized hyperbranched polymers with 100% DB using palladium,
Pd, based catalysts and an AB, monomer containing one aromatic
boronic pinacol ester and two aromatic bromo atoms linked by an
alkyl chain spacer.”® Moreover, Ramakrishnan and Chatterjee
showed that an AB, monomer carrying a dimethylacetal unit and
a thiol group undergoes a rapid self-condensation in the melt
under acid-catalysis, which yields a hyperbranched polydithio-
acetal with no linear defects.>*' In an opposite direction, 100%
linear polymers can also be synthesized from AB, monomers.
Zolotukhin and coworkers showed that linear poly(phenylene
ether) with a high molar mass is prepared by polycondensation
of 2,2,2-trifluoroacetophenone with 4,4’-diphenoxybenzophenone
in an acidic medium.>*® They found that the reason for formation
of the linear topology is a significant faster kinetics of the first
reaction between 2,2,2-trifluoroacetophenone and the phenoxy
units than that of the second one between the generated mono-
substituted product with one more phenoxy unit.*** On top of
these examples, it has been shown that for the AB, monomer
of 1-[4-(4-phenoxyphenoxy)phenyl]ethanone, the degree of
branching can be systematically changed between 0 and 100%
using acidic catalysts by variation of the [monomer]/[acid] ratio
in chloroform from 0 to 1.>%*

Defect engineering in hyperbranched polymers via control
of the DB is not only developed for AB, monomers, but it is
also investigated for polyolefines such as polyethylene. One of
the advantages of polyolefines is their commercial availability
in contrast to many other multifunctional AB, monomers.

monomer.
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There are several strategies that give rise to some typical
branched polyethylenes with unique branch-on-branch structures
such as high temperature and high pressure radical polymeriza-
tion for the production of low density polyethylene*** or the
synthesis of linear low density polyethylene by metallocene-
catalyzed coordination polymerization.*** The synthesis of hyper-
branched polyethylenes with controlled degrees of branching has
in fact been extensively developed by the introduction of the
chain-walking polymerization, as discussed above.'”® Ye and
coworkers further modified this approach to avoid the necessity
of changing the polymerization condition to achieve tuning of the
polymer branching.”*>**® For this target, they utilized chain-
walking blocking sites such as ring structures in combination
with a chain-walking catalyst. These blocking sites restrict the
walking of the metal center along the chain, and therefore
increase the level of chain linearization.

4.2.2. Application of defect engineering in HBPs. Due
to their numerous binding sites, amphiphilic HBPs have
prospect for application as hosts to carry small molecule
guests.>>*>?1267271 Haago and coworkers have shown that the
loading capability of dyes within HBPs is highly controlled by
their DB and maximized when the DB is in the range of 0.45
and 0.55.>°®?”> Along a similar line, for application in gene
therapy, Yan and coworkers have shown that the efficiency of
DNA transfection of cationic HBPs is significantly improved by
increase of the DB between 0.04 and 0.44. They attributed this
observation to the more compact structure of HBPs with higher
DB, which leads to a greater availability of primary and tertiary
amino groups.””* The morphology of amphiphilic HBPs is also
controlled by their DB. For example, Yan, Zhou and coworkers
studied a series of hydrophilic poly(ethylene oxide) arms
grafted onto the surface of a hydrophobic poly(3-ethyl-3-(hydro-
xymethyl)-oxetane) core. They illustrated that when the core is a
HBP with a high DB, the morphology of the graft macro-
molecule is that of a core-shell star copolymer. If the core
has no branching, by contrast, the morphology turns into that
of a comb-like copolymer. When the core has a medium DB, the
morphology is between that of a star and comb-like.>”*

In view of industrial applications, HBPs are used as modi-
fiers for the processing of polymers.'®® In an example, Shaked
and coworkers studied the nanomodification of poly(hydroxyl
butyrate) with commercialized hyperbranched polyesters
with different DB. They illustrated that the viscosity and flow
properties, crystallinity, glass transition temperature, melting
temperature, and mechanical properties of the modified polymers,
which are important regards to their processing and/or final
application, are controlled by the DB and the content of the HBPs
modifiers.””

4.3 Conjugated polymers

Conjugation is generally defined as the alternation of single
and multiple bonds along a chain of carbon (or hetero)
atoms.””®*”” A conjugated polymer is the extreme of that: it is
a (usually carbon-based) semi-crystalline or amorphous macro-
molecule through which valence & electrons are delocalized.””®
Due to the electronic and optical properties of this class of
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macromolecules, they have many potential applications such
as those in light emitting devices, nonlinear optical devices,
photovoltaic devices, and plastic field-effect transistors.>”5 284
The discovery and development of conductive conjugated poly-
mers was recognized by the award of the Nobel prize for
chemistry in 2000 to Heeger, MacDiarmid, and Shirakawa.>®
The goal of development of organic opto-electronic devices is
thereby not to attain or exceed the level of performance of
silicon technologies,””® but instead, it aims at fabrication of
optoelectronic devices with features such as synthetic variability,
low temperature-plastic processing, mechanical flexibility, and
low-cost production, which is challenging to achieve with
silicon.****% Soluble polymer semiconducting materials, for
example, can be readily processed and easily printed, which
removes the conventional requirement for photolithography for
patterning. This is a key advantage for large scale processing of
printed electronics.*®>

4.3.1 Defects in conjugated polymers. There are different
types of structural defects in the microstructure of conjugated
polymers (Fig. 12). These defects can be conformational
kinks created by changes in the relative orientation of organic
rings and/or the overall backbone induced by the thermal
environment.”® Another type of defects in conjugated poly-
mers is chemical defects that can be caused due to post-
synthesis photopolymerization, the general synthesis process,
or missing hydrogens on aliphatic pendant groups and/or the
existence of impurities.>®*°> In the synthesis of poly-
(phenylenevinylene) with carbon-carbon double bonds along
the backbone, for example, there are some sp3-hybridized
centers in the chain, which interrupts the n-conjugation.’®®
In addition to these defects, distortion of sp>-hybridized
carbons along the backbone of conjugated polymers from their
equilibrium planar trigonal geometry may cause charge
defects.*** Similar to non-conjugated polymers formed by
asymmetric monomers, conjugated polymers like poly(3-hexyl
thiophene-2,5-diyl), P3HT, contain regio-defects defined as the
percentage of head-to-head or tail-to-tail conformations rather
than preferred head-to-tail conformation.”*® Conjugated polymers
may also have morphological defects including misaligned crys-
talline grains (crystallite) and grain boundaries (interface of
crystalline/amorphous phase) or macroscopic inhomogeneities
due to aggregation.”***” These types of defects are commonly
formed when a conjugated polymer is prepared by solution-based
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techniques where formation of crystalline domains or alighment
and aggregation of polymer chains, all potentially subject to the
foresaid defects, occur by evaporation of solvents.**®

Defects can change the conformation and crystalline struc-
ture of semi-crystalline conjugated polymers. In poly(2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene), MEH-PPV,
charge defects induce a highly ordered, cylindrical collapsed
conformation, which is a deviation from ideal toroid or rod
structures.”®® This highly ordered cylindrical conformation is a
critical factor for the properties of MEH-PPV such as highly
efficient intramolecular energy transfer and significant local
optical anisotropy in thin films. Luscombe and coworkers have
investigated the effect of regio-defects on the crystallinity and
crystalline structure of P3HT nanowires.>*> Decreasing regio-
defects from 10% to 1% increases n—n stacking from ~5 nm to
~25 nm. Despite this drastic increase in crystalline order, there
is no increase in the width of the crystal lamellae, since defects
can be incorporated into the crystalline structure. Above 10%,
regio-defects are excluded from the crystalline domain due to
the onset of too many backbone torsions, which prevents
successful folding of the polymer chains and close-packing
with other chains. The incorporation of defects into the amor-
phous phase could in turn decrease the crystal lamellae
thickness.

Generally, defects play an important role in the electronic
and optical properties of conjugated polymers.>*>*°! Confor-
mational kinks and chemical defects, for example, can induce
excited-state localization in addition to the strong electron-
phonon coupling of conjugated polymers.**> These defects
break the conjugation along the polymer backbone, which
confines the electronic excitation over small subunits acting as
chromophores.®®* Such defects therefore cause optical aniso-
tropy in conjugated polymers such as poly(p-phenylene viny-
lene). Rossky and coworkers have successfully predicted this
anisotropy via Monte Carlo simulation by considering 5% of
tetrahedral defects along the polymer backbone. These defects
included Z double bonds and sp*-carbons.?*® As another exam-
ple, hydrated molecular oxygen complexes that act as impu-
rities can trap electron transport in conjugated polymers like
poly(phenylene vinylene).****°* This effect, which is known as
trap-limited conduction, significantly reduces electron mobility.**®
In addition to hydrated oxygen complexes, an unintentional
presence of oxygen atoms inside conjugated polymers like P3HT
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Fig. 12 Examples of defects in n-conjugated polymers: (A) Z double bond as a conformational defect (kink), (B) sp>-hybridized center as a chemical
defect, (C) charged defects. Panels (A, B) and C are reprinted from ref. 302 and 294, respectively. Copyright 2006 and 2009, American Institute of Physics,

and Royal Society of Chemistry, respectively.
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may result in covalent bonding between oxygen and carbon or
sulfur atoms. These chemical defects decrease the charge-carrier
mobility, and with that, solar cell efficiencies.*®” Such chemical
defects may further induce deformation (kinks) along the poly-
mer backbone.?®® For instance, COH-CO defects deform the
thiophene ring in P3HT, as the OH group pulls the bound
carbon atom away from the ring plane, inserting a 34° kink
along the polymer backbone. Such defects almost quench the
conductivity of the polymer.*°® In photo-luminescent conjugated
polymers, defects may induce extra emission bands. In addition,
point contacts between chains introduced by structural kinks
along the backbone may create aggregation, which further
induces extra emission band(s) in these materials.**

In study of the photoemission and inverse photoemission
spectra of P3HT, Caruso and coworkers observed a weak
photoemission feature at a binding energy of —1.7 eV, which
could not be assigned to a molecular orbital. They attributed
this feature to some sort of gap state, possibly a defect state.
They theoretically illustrate that in the absence of such a defect
state, P3HT is not very p-type, but its electronic structure is
more characteristic of a n-type insulator. They also showed that
the photoemission at —1.7 eV binding energy, is induced by a
chemical or structural defect that is not related to the relative
backbone orientation. These defects are heterogeneous and
impart p-type character to the polymer.>** In another work,
Gregg showed that electrostatic fluctuations caused by charged
defects significantly change the electrical properties of semi-
conducting n-conjugated polymers. This change directly scales
with the density of these defects. In some n-conjugated poly-
mers with an intermediate density of such charged defects
(10"°-10"° em™®), the properties are influenced by the charged
defects but not wholly controlled by them. Based on these
results, Gregg assumed that the largest fraction of available
un-doped m-conjugated polymers are in fact strongly doped by
their defects. While the typical values of conductivity for
n-conjugated polymers are 10 °~107° S em ™ *,*'° these values
are significantly higher than expected for defect-free materials,
suggesting that the conductivity is dominated by defects.>**
Another electrical property that is important in organic photo-
voltaic materials is the exciton diffusion length, L., which
determines the fraction of light absorbed close to a heterojunction
interface to contribute to the photocurrent. L. is expected to be
small in the presence of chemical defects.’’’ In m-conjugated
polymers, L., is usually less than 10 nm, probably due to their
charge defect density of 10'® em™ resulting in an average of about
one charge per 10 nm.>'**** [ however, is much longer for
materials with lower charge defect density.*'***

4.3.2 Defect engineering in conjugated polymers. As men-
tioned above, defects in conjugated polymers influence their
photoelectrical properties, like intrinsic carrier density of
organic semiconductors, which further inhibits transport of
both excitons and charge carriers. This transport hindering
leads to photochemical instabilities and complicates reprodu-
cibility and comparison to theory.”** While charged defects
may act as dopants (see Section 4.3.3), and therefore have
beneficial effects, they are poorly controlled, such that
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adjustment of the semiconducting properties by them is an
inefficient way. One approach to overcome this limitation is
defect engineering via chemical treatment of polymers.3!*3!*
Liang, Gregg and coworkers have shown that reacting P3HT
with lithium aluminum hydride (LAH) or dimethyl sulfate
(Me,SO,) makes substantial improvements in chemical stabi-
lity and electrical properties due to a decrease of charge defect
density.****'* Me,S0, and LAH have low reactivity and cannot
modify P3HT, but they may react at defect sites, e.g., where
sp>-hybridized carbon is distorted from its equilibrium posi-
tion (Fig. 12C). By the reaction with Me,SO, and LAH, these
charge defects convert to electro-inactive sp® carbons. The
density of reactant sites is very low (less than one thiopene
unit in 10*-10%), and therefore, the treatment does not change
the material chemically, but nevertheless, the optoelectronic
properties significantly change. In summary, the treatment of
P3HT with both chemicals increases the hole carrier mobilities,
conductivity, and exciton diffusion length, and oppositely
decreases the defect density. It should be noted that the
impacts of Me,SO, and LAH treatment on these properties
are substantially different due to their different modification
mechanism.>>?*™ In a further study, the same researchers
showed that the optoelectronic properties of P3HT can be
adjusted via treatment with both Me,SO, and LAH.*'
In opposite to their previous work, in which one chemical
reagent ideally reacted with defects of one polarity and left
the opposite polarity defects, in this further study, they inves-
tigated the effect of covalent modification of both defect sites.
Their results showed that the sequence of treatments with
nucleophilic and electrophilic chemicals impacts the final
properties.*"

Morphological defects and aggregates in conjugated poly-
mers can be controlled via controlling the processing of these
polymers.*'®*'” As mentioned before, one of the main advan-
tages of conjugated polymers is the possibility of their processing
(commonly making a thin film) by solution-based techniques.
In this regard, controlling thin film morphology and related
defects during printing or coating processes is critical due to its
influence on device performance.

The aggregation of conjugated polymers like P3HT via n-n
stacking can be controlled by using a mixture of polar and
nonpolar solvents in an ultra-sonication assisted self-assembly
process.*'® The amount of these aggregates can be controlled
by the sonication time.**® Such a synergistic combination
of ultrasonic process and nonsolvent addition may enhance
charge transport in the polymer thin film due to the decrease of
grain boundaries, which increases efficient charge hopping
between transport sites.*>° Improvement of the carrier mobility
in P3HT has been obtained by exposing polymer solutions to
low intensity, limited-duration UV irradiation. This observation
has been explained by a conformational change of the P3HT
chains from aromatic to quinoid-like, which facilitates supra-
molecular self-assembly of the polymer into a low-defect,
nanofibrillar morphology.®** In conjugated polymers like
MEH-PPV where inhomogeneities build-up by the aggregation
of polymer chains and have a negative effect on the properties,
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addition of a small amount of a polar solvent such as methanol
into the polymer solution (in a nonpolar solvent) prevents
aggregation during the solution-based process.*** In addition,
morphological defects in conjugated polymers can be also
controlled by changing the processing method. A thin film of
alkyl-substituted thienylenevinylene and phthalimide-based
copolymers that is processed by the wire-bar-coating method
reveals a twofold enhancement in charge carrier mobility
compared to a sample prepared by spin coating.?** In another
example, processing of a solution of P3HT containing P3HT
nanowires by solution shearing techniques significantly
enhances charge carrier mobility of the obtained film up to
50 times compared to a sample prepared by spin-coating
pristine method.?>432°

4.3.3 Doped n-conjugated polymers. Dopants are defects
that are purposely introduced.*** In organic light-emitting
diodes (OLEDs), where semiconducting organic layers are
sandwiched between two electrodes and holes are injected by
the anode, the injection of holes can be improved by utilizing
doped m-conjugated polymer layers. By increasing the doping
level, barriers against the hole injection can be continuously
reduced, which decreases the operating voltage and improves
the light output and efficiency.>*® This concept can be utilized
for tuning and structuring OLEDs for display applications.
OLED displays are commercialized today in competition to
liquid crystal displays. Both display technologies share quite
similar perspectives. Liquid crystal displays commonly have
lower cost, long lifetimes and good performance in resolution
density and peak brightness. On the other hand, OLED displays
possess high black states, panel flexibility and quick response
times.*>” Doping of conjugated polymers with low-ionization
energy compounds that are enable to transfer charge to the
unoccupied states of polymers (n-type dopant) can be utilized
to reduce the density of defects that trap the electron transport.
This strategy has been utilized by Boer and coworkers for MEH-
PPV by doping this polymer with decamethylcobaltocene.***
Their results demonstrated that by increasing the doping
concentration up to 0.05 wt%, a strong increase in the electron
current over several orders of magnitude is obtained. For the
0.05 wt% of dopants, a quadratic dependence of the electron
current density on voltage was observed, which was attributed
to the filling of all electron traps (a trap-free structure).>** The
same research group showed that doping conjugative polymers
like MHE-PPV by acceptor dopants (p-type; such as tetra-
fluoro-tetracyanoquinodimethane) can increase the currentvoltage
characteristics (current density versus characteristic voltage
conductivity) by 1-3 orders of magnitude. In addition, the threshold
voltage is controllable by adjustment of the doping concentration.***
In another work, the authors demonstrated that doping P3HT with
this p-type dopant strongly decreases the barrier against hole
injection into P3HT at its interface with Ag.*?®

As another example, Xu, Huang, and coworkers designed a
series of red-emitting conjugated polymers based on classical
two-photon absorption units (bis(diphenylaminostyryl)benzene),
electron units (fluorene), and small amounts of electron-
deficient units (dithienylbenzothiadizole) as dopants along the
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polymer backbone. They showed that the introduction of these
dopant units into the polymer backbone forms a donor-n-
acceptor-n-donor structure, which facilitates charge transfer
between the donor moieties and m systems and enhances the
two-photon absorption cross section. In addition, polymers
containing dopants had a significant higher red emission
quantum yield than corresponding undoped polymers.**°
In other work, Cooper and coworkers utilized small amounts
of comonomer dopants to vary the photophysical properties of
conjugated polymers. They illustrated that the optical band gap
and the emission of conjugated polyphenylene networks can
be tuned by inclusion of a small amount (0.1-5 mol%) of
benzothiadiazole (BT), bisthiophenebenzothiadiazole (TBT) or
perylenediimide as chromophores. As an example of their
results, the networks doped with BT are insoluble green powders
with an optical gap in the range of 2.59 eV (0.1 mol% of BT) and
2.41 eV (5 mol% of BT), whereas the networks doped with TBT
are pale to deep red color powders with a band gap from 2.0 eV
(0.1 mol% of TBT) to 1.95 eV (5 mol% of TBT).**

4.4 Polymer networks

Polymer networks are 3D structures composed of (macro)mo-
lecular building blocks connected by covalent or physical bonds
named crosslinks.**" In a structural view, polymer networks are
composed of strands, which are flexible polymer chains, and
junctions, which are nodes connecting three or more strands.
The latter can be flexible short molecules or rigid linkers.
In analogy to linear polymers, hence, polymer networks can
be formed when molecules with functionality greater than
three are involved, either solely or as part of a mixture with
molecules of functionality two. This type of soft matter can be
generally divided into four classes, including thermosets,
elastomers, supramolecular networks, and gels.****%
Thermosets are composed of (macro)molecular building
blocks that are crosslinked by covalent bonds, where the glass
transition temperature of the network strands is higher than
ambient temperature. These materials are rigid, insoluble
(but yet swellable), and non-processable after formation. Form-
aldehyde and epoxy resins are examples of such thermoset
networks. Elastomers such as vulcanized natural rubber have
almost similar microstructures as thermosets, but in contrast
to these, they consist of strands that have a glass transition
temperature lower than ambient temperature. Elastomers are
therefore generally soft, but insoluble and thus still hardly
processable after formation. Thermoplastic elastomers are a
specific class of elastomers that have no permanent crosslinks
and therefore are soluble and processable at certain conditions,
typically at high temperatures. One example is microphase
separated block copolymers where the separated domains act
as non-covalent crosslinks.*** Supramolecular networks are
formed from (macro)molecular building blocks that are cross-
linked through physical interactions such as hydrogen bonds
or ionic interactions. By application of appropriate stimuli such
as changes in temperature, pH, or oxidation states, the physical
crosslinks can be dissociated, and the polymer network thereby
transitions to a soluble and processable material.***337
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Generally, the term “supramolecular networks” is assigned to a
network in which functional groups with the ability of physical
binding are rationally incorporated, e.g., by functionalization of
(macro)molecular building blocks with such functional groups
at the side or the ends of covalently jointed chains. In view
of the properties of supramolecular networks, mainly their
solubility and processability at specific conditions, one may
think to also categorize linear or branched polymers as a type of
supramolecular polymer network, wherein physical chain
entanglements act as temporary network junctions; however,
such a naming is uncommon, but instead, entanglement
networks are more commonly named physical networks. The
fourth class of polymer networks, gels, are covalent or supra-
molecular networks swollen in liquid media such as water or
organic solvents. Such swelling occurs when a polymer network
is exposed to a solvent with a sufficient affinity that could
actually dissolve the (macro)molecular strands if the network
junctions were not existent. As a result of that affinity, the
solvent diffuses into the network microstructure and swells
the network, but due to the permanent chain connectivity,
complete dissolution is impossible. The focus of this section
is on gels and elastomers. Supramolecular networks are dis-
cussed in Section 5 due to their ability for self-assembly.
Thermosets are not discussed in this paper.

Their marked elasticity, permeability, and swellability make
polymer networks important materials in view of academic
studies as well as for industrial applications such as adhesives,
cosmetics, adsorbers, membranes, rubber products, coating
materials, or food packaging. In addition, multiple develop-
ments in the polymer network sciences have introduced further
advanced applications, like those in drug delivery,**® tissue
engineering,®*® soft actuation,®'® gas storage,**' 342
and electronics.**?

There are three main synthesis approaches to create polymer
networks: chain-growth polymerization, step-growth polymer-
ization, and vulcanization. The first method is based on the
addition of monomers onto a growing polymer chain. Through
the use of monomers with more than one functionality
(e.g., monomers with two unsaturated bonds), a polymer
network is formed. The ratio of the multi-functional to the
one-functional monomers defines the overall cross-linking
density. In step-growth polymerization, by contrast, monomers
react with each other first to form dimers. In the next step,
these dimers react with each other to form tetramers, and
so forth, until further such reactions lead to polymer chains.
If monomers with functionality greater than two are used, the
process leads to branched polymers, and further reaction
between these branched polymers can form polymer networks.
One example of a step-growth process to form a network is a
mechanism known as end-linking.****¢ In this mechanism,
the chain ends of bifunctional monomers (A,) are linked to
those of other multi-functional monomers (By) in a reaction
between functional groups of A and B. Historically, end-linking
has been the first approach to control the network structure
for preparation of model networks.**’*>* Polymer networks
can also be prepared by vulcanization, which is a kind of

catalysis,
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polymer-analogous crosslinking process between polymer
chains through the formation of bonds between functional
groups along the polymer backbone. The classical textbook
example is the sulfur-based vulcanization of natural rubber by
crosslinking of alkene side groups along polyisoprene chains
with elementary sulfur in presence of vulcanization agents.

4.4.1 Defects in polymer networks. The mechanical and
further macroscopic properties of polymer networks are con-
trolled not only specifically by their chemical specificity, but
also universally by their topology. The latter in fact mainly
determines the most relevant network properties such as their
versatile elasticity, permeability, and swellability; it is charac-
terized by features on different length scales, as illustrated in
Fig. 13A:%3%35373%5

(i) <1 nm: branches along the network-strand backbones

(i) 1-10 nm: connectivity defects on the network-mesh scale,
such as dangling strands, loops of various order, and physical
entanglements

(iii) 10-100 nm: spatial inhomogeneity of the junction and
network-strand density

In view of the latter, note that Okay further delimited the
term ‘“‘inhomogeneity”, referring to “fluctuation of the crosslink
density in space” from the term “heterogeneity”, referring to “the
existence of phase-separated domains in polymer gels”.**® This
view is in line with an earlier perspective by Dusek and Prins,
who denoted ‘heterogeneous” gels to be formed by micro-
syneresis during their gelation.*>” With that, hence, a potential
fourth level of polymer-network structural complexity might be
added to the list above, encompassing sponge-like gels pene-
trated by nano- to millimeter-sized pores.**® The most relevant
and frequent of the above features in usual polymer networks,
however, are connectivity and topological defects including
spatial inhomogeneity (iii in the list) and local defects (ii in
the list). Therefore, understanding these irregularities in poly-
mer networks and their engineering is a key to rationally design
these materials.

Inhomogeneous network density  Entanglements Dangling chains

Branch functionality

3° loops 2°loops  1° loops

Fig. 13 Features of polymer network topology on different length scale:
10-100 nm (green), 1-10 nm (red), and <1 nm (blue), and comparison
of the length scale of two types of network structural parameters.
£: strand length between two junctions on a scale of 1-10 nm. Z: spatial
variation of the density of strands/junctions in swollen gels on a length
scale of 10-100 nm. The sketch is adapted from ref. 333; copyright 2020
Wiley-VCH.
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Local misconnectivities in polymer networks actually have
a precise existing definition laid down in IUPAC’s purple®®
and even gold book,>”” which classifies network defects as
“elastically ineffective chains in a polymer network”. Dangling
chains occur when a reactive group from the network precur-
sors remains unreacted after network formation. First order
loops form when both ends of a strand are attached to the same
junction. Second order loops form when two strands are
connected to the same two junctions. Similarly, third order
loops form when three strands are connected to the same three
junctions.

On top of these local features, network meshsize non-
uniformity and nanostructural spatial inhomogeneity in the
form of a non-uniform distribution of crosslinks and strands in
a network are the prime kind of network irregularity on larger
scales. The latter nanostructural inhomogeneity is particularly
exacerbated (in average by a factor of 10) if networks are swollen
in a solvent post their gelation.*® This is because the local
swelling degree depends on the local crosslinking density, and
is therefore higher for local loosely crosslinked domains than
for local densely crosslinked domains, thereby further pro-
nouncing that variation. The difference in the local swelling
degree therefore creates additional, significant fluctuations in
the spatial density of strands and network junctions on scales
of 10-100 nm (Fig. 13).>** As illustrated by Shibayama, Sakai,
and coworkers, local defects (mostly dangling chains and loops)
also significantly affect the spatial inhomogeneities in swollen
networks, so there is a cross-coupling of these seemingly length
scale-separated kinds of structural complexity.**°

The most common experimental techniques to probe and
quantify network spatial inhomogeneities on scales far beyond
10 nm are static and dynamic light, X-ray, and neutron
scattering.’®' However, these methods are not applicable to
characterize local topological features such as dangling chains
and loops as well as the network mesh size distribution.
To cover that range as well, multiple-quantum nuclear magnetic
resonance (MQ NMR) spectroscopy’®> or network disassembly
spectroscopy (NDS)*** can be utilized.

4.4.2 Control of local defects in polymer networks

4.4.2.1 Engineering of dangling chains. Unreacted functional-
ities in a polymer network can be controlled by the reaction
stoichiometry or by the presence of monofunctional network
precursors during the network percolation process. With this
concept, Appel and coworkers used an A,-(B;,B;) monomer
system, based on thiol-ene chemistry.>®* In their work, A,
and B;/B; had alkene and thiol end groups, respectively. With
these building blocks, different samples with different molar
ratios of B; to B;, but with a constant total concentration of
functional thiol and alkene groups, were prepared and probed,
showing that by change of the ratio of mono-to three functional
monomers, which means variation of the dangling strand
fraction, the mechanical and further physical properties of
these networks such as the shear modulus, swelling capacity,
and glass transition temperature can be highly controlled.
As an example, by increasing the ratio of B;/B; monomers from
0 to 0.5, which results in an increasing portion of dangling
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chains, the plateau modulus of the networks decreases by the
order of 4000%. Another strategy to control (which often means
to minimize) the content of unreacted functional groups and
dangling chains is the use of very efficient and selective click
chemistry such as copper(i)-catalyzed azide-alkyne cyclo-
addition or azide-alkyne Huisgen cycloaddition reactions to
achieve the network precursor interconnection.>®>%”

4.4.2.2 Engineering of loops. Loop defects are chemically and
spectroscopically similar to other types of network structures.
Therefore, their detection is challenging. Different theoretical
and experimental methods have been developed to estimate the
density of such defects in network structures, such as mass
spectroscopy,*®® theoretical modeling of the linear step-growth
polymerization with a spanning-tree model,**® rheometry
in conjunction with an elasticity model,*’°?”* and MQ-
NMR.366,372,373

In a series of papers, Johnson, Olsen, and coworkers intro-
duced novel methods to quantify local network defects, speci-
fically primary and higher-order loops.*®**”*7*% In addition to
such defect quantification, their results indirectly give valuable
information about the possibility of engineering of these
defects. In an end-linked network consisting of A, and Bg
monomers, the fraction of primary loops can be measured if
one of the network precursors contains cleavable groups such
that cleavage yields distinct, identifiable products. In a seminal
work, Zhou, Johnson, and coworkers utilized an asymmetric
bifunctional degradable monomer (norborene-telechelich poly-
ethylene glycol (PEG) oligomer containing one single ester
group) that cleaves along the backbone to generate products
with distinct masses: low and high.*®® By reaction of this
monomer with a Bz unit (tris-tetrazine), a network is formed
with network junctions that can be classified according to the
strand length (Fig. 14A). By network disassembly via cleavage
of the degradable monomer under basic conditions, soluble
products with unique masses are formed for each junction
type, which can be analyzed by liquid chromatography, mass
spectroscopy, and gel permeation chromatography. This
method has been further developed by the use of A, monomers
with partially isotopically labeled chains (isotopic labeling
network disassembly spectroscopy), thereby becoming able to
measure the primary loops and dangling chains (Fig. 14B).>”*
With the use of these techniques, Johnson and coworkers
illustrated that the fraction of 1° loops can be controlled by
variation of the A, concentration.*®® In addition, they found
that the kinetics of gel formation is a key parameter to control
the fraction of primary loops and dangling chains (Fig. 14C).>”*
Their results also showed that the fraction of triply reacted
junctions that contain primary loops (n;3) is approximately
constant throughout the gelation process, which means that
loops form at triply reacted junctions with equal likelihood
both before and after the gel point. In contrast, the fraction of
doubly reacted junctions that contain a primary loop and a
dangling chain (n;,) gradually decreases with the reaction time
until bifunctional junctions cannot be detected. In addition,
the fraction of all network junctions that possess a triply
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Fig. 14 (A) Schematic representation of the concept of network disassembly spectroscopy (NDS). Reaction of bifucntional macromonomers with

tri-functional units forms a network. Due to the non-central placement of a cleavable site along the macromonomers, junctions with different mass are
formed. After disassembly of the network, the fraction of each junction can be quantified. (B) By reaction of A, and Bz monomers, in addition to the
elastically active ideal junctions, elastically inactive defects such as singly reacted or doubly reacted junctions as well as primary loops can be formed.
(C) Fraction of each defect as a function of the gelation process as quantified by NDS. n; 3 is the fraction of triply reacted junctions that contain a primary
loop. n;; is the fraction of doubly reacted junctions that contain a primary loop and a dangling chain. nys is fraction of all network junctions that possess a
triply reacted primary loop. nt; is fraction of all network junctions that are cyclic molecules. Panels A and (B, C) are reprinted from ref. 363 and 374,
respectively. Copyright 2012 and 2014, National Academy of Sciences of the United States and American Chemical Society, respectively.

reacted primary loop (nr3;) and the fraction of all network
junctions that are cyclic molecules (ny,) can be controlled by
the kinetics of the gelation reaction. At early time points, the
summation of these two fractions increases rapidly. At later
time points, this value continues to increase, though more
slowly. Later on, Johnson and coworkers further developed the
NDS method to quantify the primary loops in a tetra-functional
click gel formed from an A,-B, monomer system via copper
catalyzed azide-alkyne cycloaddition.’”> The authors showed that
this method is also applicable to symmetric nonuniform polymer
chains that differ by one methylene unit without requiring isotopic
labels. Their results illustrated that the monomer architecture is
another parameter that defines the effect of network defects on the
network properties. In contrast to Ay-B; networks, the gel point in
gels from tetrafunctional precursors is not dominated by primary
loops. Instead, higher-order cyclic defects significantly preclude the
gel points in these materials. The authors conc