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Organic chiral nanofilaments are part of an important class of nanoscale chiral materials that has
recently been receiving significant attention largely due to their potential use in applications such as
optics, photonics, metameterials, and potentially a range of medical as well as sensing applications. This
review will focus on key examples of the formation of such nano- and micro-filaments based on carbon
nanofibers, polymers, synthetic oligo- and polypeptides, self-assembled organic molecules, and one
prominent class of liquid crystals. The most critical aspects discussed here are the underlying driving
forces for chiral filament formation, potentially answering why specific sizes and shapes are formed,
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what molecular design strategies are working equally well or rather differently among these materials

rsc.li/materials-horizons classes, and what uses and applications are driving research in this fascinating field of materials science.

Wider impact

Chiral thread-like structures are pervasive in nature at virtually all length scales, from amyloid fibrils associated with brain disorders the meter-long narwhal
tusks. With the chiral shape imparting unique functions, chiral filamentous objects are part of our daily lives, from screws and springs to staircases and
buildings. Recognizing the tunable nature of chiral filaments, research over the last years has focused on functional materials that allow for the generation of
chiral filaments varying in size, shape, helical pitch, and ability to serve as template. Effective design of chiral filaments toward applications in medicine,
sensing, metamaterials, as well as optical, catalytic, and electronic applications requires a deep understanding of the mechanisms responsible for filament
formation and evolution. Introducing a unifying concept of intra- and interlayer misfits, this review uses examples from classes of materials forming chiral
filaments to explain how the various filament shapes form and why, and how they are used as templates for nanoscale and luminescent materials. By using
simple geometric considerations as the basis for our discussion, we trust that the study and utility of chiral nano- and microfilaments will continue to excite

materials research and seek more complex and applicable chiral filaments solutions to pressing societal problems.

1. Introduction

Chiral filamentous structures are omnipresent building blocks
in nature, found equally in flora and fauna at length scales
ranging from a few nanometer in one, two, or all three dimen-
sions all the way to multi-meter-long macroscopic objects.
Prominently, chiral filaments at small scales include nucleic
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acids (DNA, RNA) and nanoscale filaments formed by proteins,
peptides, and enzymes' such as tau amyloid fibrils, crenactin®
and tubulin®® helical structures found in various single cell
organisms as well as bacteria’ and helical virus nucleocapsids®
among others. On the larger scale, helical filament structures are
seen in narwhal tusks,” animal horns,'® plant tendrils,"" and seed
pods'? to name a few. Frequently mimicked in form and function
by synthetic or engineered objects for reasons ranging from pure
aesthetics and functionality to enhanced directional stability or
flexibility, chiral filaments are also part of our macroscopic day-to-
day life. Springs, many types of corkscrew worms (bladed worm,
speed worm, Auger worm, and several others), pasta, 3-D printed
helical polymers,"® Archimedes’ screws, and an ever-increasing
number of twisted high-rise buildings'* are just some examples.
In materials science, chiral filaments with nanoscale dimen-
sions are increasingly generated and studied for promising uses
in optics, photonics, sensing, and many other applications.

This journal is © The Royal Society of Chemistry 2024
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While researchers’ attention focuses equally on inorganic'®>™” as
well as organic building blocks to generate chiral nanofilaments,
this review will focus exclusively on organic chiral nanofilaments.
By discussing a select number of example systems, the aim is to
(1) draw analogies in nanofilament formation among the most
prevalent materials classes, (2) work out and compare common
design principles, and (3) elucidate the underlying driving forces
for chiral nanofilament formation. Finally, we will conclude with
some exemplary applications, especially drawing from the more
recent work where such chiral nano- and microfilaments serve as
chiral templates for other materials.

2. Chiral organic nano- and
microfilament shapes
2.1. Types of filaments and some theoretical considerations

Before we begin discussing specific organic materials known to
form chiral nano- and perhaps also larger microfilaments, we
should begin looking in more detail into the distinct types of
chiral filament shapes and shape variations.

Filaments can be composed of either a single rod-shaped or
flat ribbon shaped subfilament or of multiple individual ones
either stacking on top of or twisting around one another. The
cross-sections of the resulting filaments are then most com-
monly flat, elliptical, or round. Solid rod- or tube-like sub-
filaments with a round cross-section can assemble into single,
double, or multi-twisted cylindrical or twisted tape-like fibers
with the average orientation of the rod-like fibers parallel to
or at an angle with respect to the helical axis. An example of a
90° angle here would be the chiral nematic (or cholesteric)
phase formed by rod-like molecules,'® nanorods,'® or rod-like
viruses.*’

Flat ribbons, however, can form single or multilayer heli-
coids, screw helices, or helical ribbon structures (cylindrical
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helices). In these twisted along or continuously bent around
extremes, helicoids are essentially twisted helices with Gaus-
sian saddle-like curvature featuring a straight centerline, while
cylindrical as well as screw helices are characterized by cylind-
rical curvature and a helical centerline; with the flat ribbon
either bent around the width (w) or bent around the height
(i.e., the thickness, t) as schematically shown in Fig. 1.

Work by Sharon et al., studying the geometry and mechanics
of seedpod opening, showed that two dimensionless para-
meters determine the ensuing chiral shape.'**" The first is
the angle 0 between the ribbon long axis and directions of
curvature (i.e., the fiber directions), the second is the dimen-
sionless width 1 = w(xo/t)"’, where w, t, and k, are the width,
thickness, and intrinsic curvature of the ribbon respectively.'***
In analogy to bilayers, where two sublayers orthogonally shrink
or expand unidirectionally thereby inducing curvature, 6, ¢, and
w, as indicated in Fig. 1 (center and top left corner),”> become
the essential parameters governing type, pitch, and handedness
(one handedness for values of 6 between 0° and 90° and the
opposite handedness for values between 90° and 180°). For
example, for single flat as well as multilayer flat ribbons, 6, ¢,
and w determine which shape is favorably formed with Sharon
et al’s work> and Dumais et al’s analysis** already indicating
that the formation of helicoids requires 0 ~ 45° and that larger
w favor the formation of cylindrical but not screw helices. Self-
limiting w and ¢ accompanying the formation of stacked twisted
helicoidal ribbons (twisted sublayer stacks) were theoretically
described by Grason.*>”> Fundamentally, helicoids formed by
sublayer stacks can only be stable for limited w and ¢, and w and
t are closely correlated, thus leading to a finite number of layer
stacks. Monte Carlo simulations of the interaction parameter
space governing experimentally observed crossovers between
Gaussian saddle-like and cylindrical curvature, notable changes
in helical pitch length, even handedness inversion have been
presented by Selinger and coworkers among others.>®

The interdisciplinary research team, including chemists, physicists,
and engineers, led by Prof. Torsten Hegmann (PhD, Martin Luther
University Halle-Wittenberg, Halle (Germany), Fellow of the Royal
Society of Chemistry, Ohio Research Scholar, and currently serving
as the Director of the Advanced Materials and Liquid Crystal
Institute at Kent State University) focuses on research that
explores the interface and interactions between lyotropic and
thermotropic liquid crystals and a wide range of nanomaterials,
the self-assembly in soft matter, nanomaterial chirality generation,
visualization, transfer, and amplification, chiral organic nano- and
microfilaments and their use as templates, as well as liquid crystal
toxic gas and vapor sensors. In the photograph that shows all
coauthors (taken in the Spring of 2023) from left-to-right; front
row: Grace A. R. Rohaley (PhD student), Dr Marianne E. Prévit

(PhD, University of Rennes), Andrea Oprandi (PhD student); back row: Gourab Acharjee (PhD student), Dr Suraj Kumar Pathak (PhD,
Indian Institute of Technology, Guwahati (India)), Dr Ashwathanarayana Gowda (PhD, C. V. Raman Research Institute, Bengaluru
(India)), Prof. Torsten Hegmann, Dr Baris Sezgin (PhD, Siileyman Demirel University, Isparta (Turkey); contributed to work highlighted in
this review, but not the writing of this review itself), and Ryan Williams (PhD student).

This journal is © The Royal Society of Chemistry 2024

Mater. Horiz., 2024, 11, 316-340 | 317


https://doi.org/10.1039/d3mh01390a

Published on 30 2023. Downloaded by Fail Open on 23/07/25 09:50:04.

View Article Online

Review

continuously bent around d

; (P)- (M)-
L

2 d
f

multihelix double helix

Materials Horizons

[ multilayer] [single layer]

- I = I

flat ribbon to round
helical center line; ribbon 2 cylinder (or tube)
width parallel to pitch axis screw helices

d=t =w
continuously bent around t

. twisted along center line (o) continuously bent around w
helicoids (

T —— flat ribbons e E——— | cylindrical helices ]
w

6 near 45° 6 other than 45°
saddle-like curvature straight center line
non-zero Gaussian curvature

flat ribbon resulting from generated J
(intrinsic) intra- or interlayer ‘misfit’

p decreases p decreases ———>

St o b\ L

helical center line
multilayer

ribbon width perpendicular to pitch axis

solid : ‘ .
finite number of
less limitating in number

cylindrical curvature

no limit in number
of layer stacks, no
limit in w

layer stacks, hollow (tubular)
narrower w energetically favored

of layer stacks
Fig. 1 Possible ways to transform a flat ribbon to chiral ribbons; t and w are the height and width of the ribbon filament, respectively; d is the diameter
when the cross-section changes from rectangular to circular (i.e., from a ribbon to a cylinder or tube). The filament angle 0, assuming two sub-layers with
orthogonal anisotropic properties (e.g., expansion, shrinkage, or packing — adopted from ref. 12 and 22), mathematically referred to as ‘'misfits’, as well as
w and t determine the type of chiral filament ultimately formed. Continuous bent around t along a helical center line leads to screw helices, continuous
bent around w along a helical centerline to cylindrical helices, and twist along a straight centerline to helicoids (twisted ribbons). When w =t = d,
continuous bent around d along a helical centerline generates common helices (single-, double-, or multi-). For multilayer chiral ribbons, as highlighted
in the examples discussed, the type of chiral filament sets the limits for the number of layer stacks (t) and filament width (w). (P)- and (M)-Are the helicity.

Mathematical models of layer stacks can calculate that so-
called ‘misfits’ (forms of anisotropic multi-layer configuration)
cause rod- or ribbon-like filaments to twist or form helices.””
Often, the exact nature of misfits, which are highlighted
throughout this review, are changes in chirality, some pro-
nounced biaxial symmetry of the constituent molecular aggre-
gates or building blocks, differences in layer shrinkage or
expansion direction (like the opening of seedpods'?) as well
as lattice strain among several others that determine whether a
flat ribbon twists, writhes, or perhaps even both.?®

In the following sections we will discuss five specific classes
of organic synthetic materials for which chiral nanofilaments
have frequently been described. These include purely carbon-
based materials (often referred to as helical carbon fibers or
HCFs), synthetic oligo- and polypeptides, supramolecular
assemblies formed by small molecules, polymers, and finally
a specific class of bent-core liquid crystals (Fig. 2a). Wherever
possible, we highlight and explain the differences or simila-
rities in chiral filament formation and how the underlying
concept of ‘misfits’ leads to twisting or writhing. These include
template effects, packing frustration, amphiphilicity, intrinsic
chirality, molecular conformations leading to supramolecular
chirality, and chiral additives (Fig. 2b) that can be tailored to
generate those observed but also other desirable chiral nano-
filament types, all with a final focus on applications in optics,

318 | Mater. Horiz., 2024, 11, 316-340

photonics, or simply the use as a template for another type of
material.

There are, of course, other examples of materials classes that
do not fall within these five categories. As we can use them to
demonstrate some of the concepts, we want to discuss them at
least briefly. Among some of the most prominent examples are
bilayer helicoidal, flat, or helical filaments formed by certain
Gemini surfactants (where two identical surfactant molecules
are covalently joined by a short aliphatic hydrocarbon spacer).>
In the presence of chiral counterions (depending, among other
factors, on the enantiomeric excess, ee) that permit hydrogen
bonding between adjacent chiral counterions in the bilayer
structure such as ethylene-1,2-bis(dimethylalkylammonium)
p- or L-tartrates (e.g., 16-2-16 p- or L-tartrate), these surfactants
show rich polymorphism.*® The resulting bilayer filaments can
further serve as templates after ion exchange and silicification
with a silane precursor such as TEOS (Fig. 3a).>" The critical
choice of the right type of chiral counterion was demonstrated
using chiral malate ions (lacking one of the hydroxy groups),
where weakened hydrogen bonding interactions between oppo-
site counterions resulted in the formation of flat but not twisted
or helical ribbons.*®

To illustrate how morphology and dimensions of the helices
and helicoids can be tuned, studies on using temperature
changes and introducing small amounts of achiral additives

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Types of materials known to form organic chiral nanofilaments
that are reviewed and compared. (b) Overview of the influencing factors
leading to 'misfits’ that ultimately result in twisting (writhing) while also
serving as parameters that affect pitch, overall dimensions, shape, and 3-D
packing of organic nanofilaments.

(i.e., achiral counterions such as bromide) highlighted that flat
ribbons as well as helicoids and cylindrical helices with varying
pitch are accessible and quite easily interconvertible (Fig. 3b).*°
Given progressive shape transformations and the fact that
tubules formed by cylindrical helices ultimately prevail, modu-
lations of the tilt direction of individual molecules with respect
to their neighbors was postulated to first give rise to ripples
within the ribbons when twisted ribbons transform to helical
ribbons, as suggested theoretically.>® These then lead to
domain walls. The ensuing cylindrical helical ribbons display
characteristic stripes, which finally coalesce to form tubular
structures with a helical wrapping.*®

In addition, a whole range of other lipid bilayers, as reviewed
by Fuhrhop and Helfrich,** can form a plethora of cylindrical or
twisted helices that are often unstable (since the formation of
helical fiber morphologies in these systems is a kinetically
controlled process>°), ultimately serving as precursors for helical
tubules, where the ribbon edges make contact (see decreasing
pitch, p, for cylindrical helices in Fig. 1), just as in the case
of Gemini surfactants. Aside from external factors such as

This journal is © The Royal Society of Chemistry 2024
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temperature or rate of temperature change, the molecular struc-
ture of the surfactant or amphiphile largely determines the
filament morphology outcome, and racemates usually lead to
morphology that do not express chirality, i.e., they tend to form
flat ribbons. Thus, when properly combined, these two factors
generate the necessary misfits for helical filament formation.

Another intriguing class of materials with demonstrated rich
filament polymorphism are some types of viruses with rod- and
spindle-like shapes (e.g., fd virus*>**** or spindle-like archaeal
viruses like bicaudavirus SMV1°®). Aqueous suspensions of fd
virus with noninteracting polymers, after several hours of phase
separation, show the formation of helicoidal ribbons about
1 pm in width (ie., equal to the length of the fd virus) out of
striped tactoids with the director perpendicular to the helix axis
as in the chiral nematic phase (top DIC images in Fig. 3c).*®
Near equilibrium, these fd virus assemblies form flat 2D
membranes, which, under certain conditions, transition at the
edges to 1D twisted ribbons due to negative line tension.>°

However, in this review we will focus mainly on more
synthetic materials, and for ease of use, we will use smaller,
simplified versions of the pinwheel diagrams for both the type
of material and origin of engineered ‘misfits’ shown in Fig. 2
throughout this review.

2.2. Chiral carbon nano- and microfilaments

Without knowing the exact makeup of the so-called ‘“‘vermicular
threads,” Davis and coworkers first reported the discovery of
chiral or helical carbon fibers (HCFs) in 1953,>” almost 40 years
prior to the monumental disclosure of the formation of carbon
nanotubes (CNTs) by Ijima.*® HCF formation was likely the
result of interactions between carbon monoxide and iron oxide
in so-called iron-spots within the brick (where extreme tem-
peratures of the firing process along with exposure to oxygen
cause the iron to flare). Even initial attempts to describe the
mechanism were spot on, considering that the authors noted
that particles of an iron-based catalyst (iron or iron carbide)
were residing in the growing ends of the carbon-based helical
threads.®”

Over the last three decades, however, the discoveries of
CNTs, fullerenes, and graphene have continuously fueled the
search for other carbon-based materials and morphologies.*
Synthesis methods reported largely follow some form of
nanoparticle-assisted growth (by combustion chemical vapor
deposition, CCVD).**** Considering the twisted or helical
nature of the HCF products, we deduce that the origin of
curvature is related to the curvature of fullerenes.**™** Insertion
of pentagonal rings into graphene sheets leads to positive
curvature while insertion of heptagonal and/or octagonal rings
to negative curvature—a combination of which introduces a
bend (or ‘knee’) into the polygonal graphene sheet.*”> Absence
of knees leads to tubular structures (e.g., multi-walled CNTs) or
morphologically achiral fibers of stacked graphene sheets.*®
The knee notion caused by pentagon/heptagon pairs, as well as
distortions within hexagon graphene fragments*’ (as misfits),
are considered the principal mechanisms behind for the
formation of toroidal or helical (coiled) CNTs (HCNTs, Fig. 4).*®

Mater. Horiz., 2024, 11, 316-340 | 319
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Fig. 3 (a) Chemical structure of 16-2-16 L-tartrate; (i) TEM image after 24 h aging (right-handed cylindrical helices) and (ii) after ion exchange with Br—
ions and silicification using tetraethyl orthosilicate (TEOS). The related 16-2-16 L-malate forms flat ribbons. TEM images reprinted with permission from
ref. 31, Copyright 2016 Royal Society of Chemistry. (b) (i)—(iii) TEM images showing the evolution of morphologies of 16-2-16 L-tartrate after (i) 2 h, (ii) 3 h,
and (iii) after 36 h. (iv)—(vii) TEM images demonstrating the effect of adding 16-2-16 2Br~ to the morphologies of ribbons formed by 16-2-16 L-tartrate
with ee ~ 1. (iv & v) 1% 16-2-16 2Br~, where initially formed twisted ribbons transformed into helical ribbons and then into tubules after several days,
(vi) 1.5% 16-2-16 2Br~, where only twisted ribbons were observed, and (vii) where flat ribbons were formed after the addition of 4.7% 16-2-16 2Br~; (viii &
ix) plot and schematic of the variation of the pitch as a function of the ee of L-tartrate. Reprinted with permission from ref. 30, Copyright 2007 American
Chemical Society. (c) (top) Schematic representation of the filamentous fd virus (px with x = 3, and 6-9) are proteins around the two central antiparallel
ssDNAs. Reprinted with permission from ref. 34, Copyright 2017 Royal Society of Chemistry. Examples of digital interference contrast (DIC) micrographs
of single layer smectics forming helices on the surface of either metastable nematic drops (set of top images, reprinted with permission from ref. 36,
Copyright 2001 Royal Society) or showing a polymorphic transition from flat 2D membranes to helicoidal ribbons. Scale bars = 5 pm. Reprinted with
permission from ref. 33, Copyright 2005 Elsevier.

In the formation of helical carbon nanofibers (HCNFs), the overtwisting and/or applying an external force at the yarn’s
catalyst nanoparticles assist in generating these misfits. Thus, midpoint were shown to generate both symmetrical as well as
ensuing differences in interfacial tension and wettability"® and asymmetrical double-helical CNT yarn morphologies (Fig. 5¢).”°

the inherent presence of facets on polygonal particle surfaces Considering that CNTs with a spherical cross-section were
(i.e., the particle’s morphology)’® > are considered as the most the starting point, it is perhaps not surprising that most HCNFs
plausible and correlated aspects to describe HCNF formation. form single-, double- or more complex hierarchical helical

Some typical examples of helical carbon nanofibers (HCNFs), filaments. More elusive morphologies include tori, cylindrical
including various electron microscopy images of HCNFs showing helices, and Fig. 8 loops among others (Fig. 5f). However, an
the embedded catalyst nanopatrticles, are collected in Fig. 5a-¢.>*>>  example of helicoidal fibers was also realized by using single-
Even when the process of HCNF formation is not based on the walled CNTs in combination with achiral random or block
pyrolysis of acetylene in the presence of a metal-based catalyst but copolymers.”” The helicoidal twisted ribbons formed here due
using electrolysis in a molten salt containing a metal oxide such as to a combination of well-designed intermolecular forces
Fe,O; (Fig. 5¢), particles do appear as the site from where HCNFs  between the CNTs and the co-polymers (such as n-rn interac-
begin growing.>> Shape, concentration (i.e., the weight fraction of), tions or stacking between a pyrene-functionalized short tether
and composition among several other nanoparticle parameters with the CNTs as well as by hydrogen bonding between intro-
largely affect dimension, morphology, and handedness of the duced nucleobases; Fig. 5g). A survey of the provided TEM
ensuing HCNFs (Fig. 5d). images in this work offered clues as to what is to be expected,

More complex helical and double-helical architectures ie., that the absence of a chiral bias in the system led to the
were generated by the spinning of single-walled CNT films. formation of both left- and right-handed helicoidal filaments.
Starting with an initially straight CNT yarn, a combination of The misfit here originates from the underlying long-range

320 | Mater. Horiz., 2024, 1, 316-340 This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Side and top views of HCNTSs: penta- at inner and heptagon
rings at outward ridges. (b) Structural evolution under tension loading.
Reprinted with permission from ref. 48, Copyright 2013 American Chemical
Society.

ordered lamellar structure formed by the composites, as deduced
from small angle X-ray scattering data, and the ensuing steric bulk
imparted by close-packed polymer chains at the lamellae periph-
eries, ultimately leading to twist.

2.3. Chiral polymer nano- and microfilaments

While steric demand imparted by polymer building blocks led
to twisted CNT ribbons in the last example, we will now focus
on some representative examples demonstrating the formation
of chiral nano-, micro-, even macrofilaments based on synthetic
polymers.

There are countless examples of helical polymers®® of bio-
logical origin or with significant technological relevance such
as DNA (and synthetic DNA mimicssg) collagen,® poly-
isocyanates,®’®* or poly(phenylacetylene)s.®* However, we pur-
posefully choose to limit the discussion to examples with
morphologically chiral filament architectures and expressly
highlight causes for their formation. A typical example of such
a superhelical structure is shown in Fig. 6a. Depending on the
composition and the solvent used, poly(y-benzyl-i-glutamate)-
block-poly(ethylene glycol) (PBLG-b-PEG) and homo-poly(-
v-benzyl-i-glutamate) (homo-PBLG) can cooperatively assemble
into hybrid helical nanofilaments or helical ring-like architec-
tures in water.®®

In a solvent mixture of THF/DMF, the experimentally
observed packing mode is that of a rigid rod homopolymer
and a rod-coil block-co-polymer. Water, when added, selectively
swells only the PEG block, and the ensuing increase in inter-
facial tension between the PBLG and the PEG block is only
relieved by twisting into a helix, similar to the example

This journal is © The Royal Society of Chemistry 2024

View Article Online

Materials Horizons
described earlier of seedpods opening.”’ While inherently
chiral, PBLG, somewhat depending on its molecular weight
and processing conditions, typically forms straight nanofibers
or simple rods composed of densely packed PBLG helix
bundles.®® Thus, packing frustration between polymer blocks
caused by a differential swelling in a selective solvent is the
misfit that leads to twist.

Related hollow or grooved core-shell nanofilaments can also
be generated by tri-fluid electrospinning with the final mor-
phology controlled by the spinneret type.®” Combining a ther-
moplastic polyurethane as outer fluid (blue in Fig. 6b) with
cellulose acetate as middle fluid (pink) and polyvinylpyrroli-
done (PVP) as inner fluid (green) leads to grooved core-shell
helical filaments when an off-center spinneret is used to hollow
core-shell helical filaments using a concentric spinneret as
soon as the inner PVP component is washed out with either
water or ethanol. Helical structure formation is the result of
engineered mismatches between the mechanical properties
(misfit) of the components during stretching in the electric
field—even with handedness inversions as seen for plant
tendrils such as by Towel Gourd.""

Further insights into such ternary multicore polymer systems
were uncovered by self-consistent field calculations. The model
inspected the solution-state multicore micelle self-assembly of
linear ABC terpolymers consisting of a solvophilic mid-block and
two mutually incompatible solvophobic end-blocks. The final
observed structural regions for these multiblock micelles are
shown in the plot in Fig. 6¢c. In addition to a sphere containing
two helix cores (HHS), the calculations also revealed a so-called
superhelix at the transition between RRC (cylinder with two ring-
like cores) and DDC (supercylinder with two disc-like cores),
which is best described as a double helix of two incompatible
blocks, as shown in Fig. 1 (top right), in the continuum of the
third.*®

The roles that solvent compatibility and microstructure
played in these experimental and theoretical examples can
further be upscaled to virtually macroscopic and tunable helical
filaments, as revealed by the example shown in Fig. 6d.*°

While induction of chirality in polyaniline (PANI) by enan-
tiomers of camphor sulfonic acid ((R)-CSA and (S)-CSA) as chiral
dopants has been studied at the molecular, nano-, and micro-
scale,”®’* this concept has recently been validated at the
macro-scale as well. Initial sub-mm ribbons were prepared by
self-assembly on uniaxial stretched polypropylene substrates
and subsequently peeled down in THF. In THF, the macroscale
ribbons are quasi flat. However, adding iso-propanol and
steadily increasing the proportion of this protic solvent trans-
forms the flat ribbons into cylindrical helices and eventually
into tubular structures as seen for the decreasing pitch of
cylindrical helices given in Fig. 1. The configuration of CSA
here dictates the handedness of the helical filaments. Given
that iso-propanol is a poorer solvent for PANI than THF,
increasingly diluting THF with iso-propanol induces some
degree of intermolecular shrinkage (or shrinkage strain) differ-
ence within the ribbon - the outside vs. the inside thereby
generating the misfit that leads to cylindrical curvature, again
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Fig. 5 (a) (i) SEM image of HCFs about 100 nm in width prepared by decomposition of acetylene catalyzed by copper nanoparticles. TEM images in

(i)—(vi) show the facetted Cu nanocrystals embedded in the HCNFs — nanocrystal shape and orientation determine the HCFs overall shape and
handedness always serving as the origin for two HCF filaments. Reprinted with permission from ref. 54, Copyright 2004 Elsevier. (b) (i)-(iv) Helical carbon
nanofibers (HCNF) generated by acetylene decomposition in the presence of iron/iron carbide (Fe/FesC) nanocrystals — composition and particle size
again affect critical parameters of the HCNF growth. Reprinted with permission from ref. 53, Copyright 2010 American Chemical Society. (c) TEM images
of HCNFs generated by electrolysis in molten electrolytes consisting of Li,CO3z and Li,O with 1% Fe,Oz with double-helix morphology (as shown the inset
(braided helices) and (d) shows SEM images when a higher concentration of Fe,Oz was used (i.e., 1.7% Fe,Os) — the morphology changes to a bladed
worm helical corkscrew. Reprinted with permission from ref. 55, Copyright 2021 Elsevier. (e) Various double-helical carbon microfilaments created by the
spinning of CNT films generated single-walled CNTs via CVD using ferrocene as a catalyst. Reprinted with permission from ref. 56, Copyright 2013
American Chemical Society. (f) Examples of shape and morphology variations in HCF including single and double helices, or torus. Reprinted with
permission from ref. 41, Copyright 2011 Elsevier. (g) Twisted ribbon morphology observed for a self-assembled structure between random coil
polystyrenes modified with nucleobases to generate hydrogen bonds as well as pyrene for t—n interactions with CNTs (see chemical structure at right).
In the absence of chiral bias, as expected, both right- and left-handed ribbons were observed. Reprinted and adapted with permission from ref. 57,
Copyright 2013 Wiley-VCH. Models at the bottom (side and top view) visualize the misfit leading in helicoidal ribbon twist for most but not all the

flat lamellar filaments.

in analogy to the seedpod opening described earlier. Given the
larger width of the ribbons, cylindrical curvature to mitigate
the strain was expected. The ensuing morphological difference
between the outside and the inside of these ribbons was even
visible in AFM images. Noteworthy further, is the versatility of
such filaments for chiral sensing. Exposure to either enantio-
mer of a chiral amine, as shown in sub-panel (iii) (Fig. 6d) first
leads to a visible color change and then to an enantiomer-
specific twisting motion to a final twisted ribbon-based hollow
tubule.®’

Just as the handedness of the cylindrical helices was decided
by the configuration of the dopant’s chiral center in the
previous example, chiral centers deliberately introduced in
the backbone of polyesters can furnish polymer nanofilaments
with a specific handedness (Fig. 6e).”> Remarkably, however,
both (S)-poly-3 as well as (R)-poly-3 (independent of whether the
R group was heptyl or phenyl) formed exclusively left-handed
helical filaments after precipitation in CH,Cl,/n-hexane. More-
over, the acryloyl group (explicitly the C—C bond) turned out to

322 | Mater. Horiz., 2024, 11, 316-340

be a prerequisite for the formation of helical filaments. Once
reduced, the helicity as well as any sort of fiber morphology
vanished and some quasi-spherical colloidal particles of
~50 nm in diameter were formed instead. The authors thus
assumed that the side chains (at the chiral centers) in combi-
nation with a stiffer backbone provided by the unsaturated
C—C bond are only contributing to steric demands affecting
the packing of polymer chains (that we assume to be the
misfit), somehow in analogy to conformational effects observed
for chiral side chains in helical poly(phenylacetylene)s.”®””
Such effects are decidedly reliant on the nature and polarity
of the solvent, surely meriting similar studies in such unsatu-
rated polyesters using more polar (protic and aprotic) solvents.

If, however, isotropic solvents are traded for chiral liquid
crystal solvents, polymeric filamentous structures with a helical
sense can be prepared in a chiral reaction field (Fig. 6f).”%%
Here, a low molecular weight nematic liquid crystal (N-LC) was
first doped with a potent chiral additive generating a chiral
nematic LC (N*-LC) phase with either a left- or right-handed

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Model showing the formation of helical filament assemblies by mixtures of block-co-polymers and homopolymers (here: poly(y-benzyl-L-
glutamate)-block-poly(ethylene glycol) (PBLG-b-PEG) in H,O and homo-poly(y-benzyl-L-glutamate) (homo-PBLG)); the PBLG blocks form the core and
the PEG blocks the cladding. SEM image shows filaments with ~140 nm width and ~80 nm pitch. Reprinted with permission from ref. 65, Copyright
2009 Royal Society of Chemistry. (b) Tri-fluid electrospinning of hollow helical and grooved helical nanofilaments: (i) off-centered spinneret leading to
grooved (top) and concentric spinneret resulting in coaxial hollow helical nanofilaments after immersion in water, (i) SEM image of single helical
nanofilament with grooved structure as a biomimetic example for a coiled tendril of loofah vine (upper-right insert shows a withered grooved loofah
tendril after drying — grooves highlighted by red arrows). Reprinted with permission from ref. 67, Copyright 2021 Elsevier. (c) Morphology-composition
diagram obtained from self-consistent field theory calculations for ABC terpolymer micelles in a selective solvent; fa, fz, and fc are the relative lengths of
the A, B, and C blocks, respectively. Structures with helical cores are largely reserved for select compositions (HHS = spheres with two helix cores) but
also exist as superhelices at the transition between RRC (cylinders with two ring-like cores) and DDC (super-cylinders with two disc-like cores). Reprinted
with permission from ref. 68, Copyright 2011 Royal Society of Chemistry. (d) (i) Macroscopic helical ribbons from helical polymer fibers formed by
polyaniline (PANI) doped with (S)- or (R)-camphor sulfonic acid (CSA). (ii) Flat ribbons forming in THF are transitioning to cylindrical helical ribbons with a
decrease in the helical pitch after introducing and increasing to proportion of iso-propanol as predicted by theory and further confirmed by g-factor and
ellipticity data, and (iii) helical 'self-motion’ introduced by the addition of a chiral amine (both enantiomers). Scale bars: 0.5 mm. Reprinted with
permission from ref. 69, Copyright 2018 Springer Nature. (e) Self-assembly of chiral polyesters into exclusively left-handed helical filament super-
structures in a 1:1 CH,Cly/n-hexane solvent mixture. Reprinted with permission from ref. 75, Copyright 2019 American Chemical Society. (f) Helical
polyacetylene (H-PA) structures formed via chiral nematic liquid crystal templating: (i) concept and corresponding SEM images and (ii) demonstration of
the hierarchical assembly. Reprinted with permission from ref. 79, Copyright 2020 Wiley-VCH.

2.4. Oligo- and polypeptide-based chiral nano- and

tunable pitch. In the given case, these system parameters were .
microfilaments

adjusted by changing the temperature. Precisely, temperature

changes drive changes in the helicity, ie., changes in the
conformation determined by the dihedral angle between the
linked naphthyl rings®*** but not changes in configuration of
the axially chiral binaphthyl-based chiral dopant.”® Using this
dynamic medium then as a solvent for the polymerization of
acetylene led to either left- or right-handed films with multi-
hierarchical chiral morphologies (panel (ii) in Fig. 6f).

Overall, just as was the case for the carbon-based nanofi-
bers, polymer nano- and microfilaments tend to predominantly
form cylindrical helices of flat ribbons or filament helices with
circular cross-sections. Given the narrow constraints set by the
filament angle 0 and width w (0 ~ 45° and narrow width, see
Fig. 1) for an intralayer misfit, the lack of observed helicoids is
thus not surprising.

This journal is © The Royal Society of Chemistry 2024

Closely related to polymers, oligo- and polypeptides are another
fascinating class of materials able to form morphologically
chiral nano- and microfilaments.?* Recurrently, motifs structu-
rally (chemically) related to those forming amyloid fibrils,
involved in amyloid-associated brain disorders (i.e., neurode-
generative diseases) such as Alzheimer’s or Parkinson’s
disease,®®®” are at the core of many of these investigations.?
Commonly, however, tubular structures formed by cylindrical
helices are the most thermodynamically stable morphological
configurations, even if other morphologies are formed first.
An example where all the polymorphic intermediates were
seen is depicted in Fig. 7a.%® After an onset of isotropic-like
micelle formation, the heptapeptide CapFF in aqueous solution
forms structures that signify the transitions, initially over hours

Mater. Horiz., 2024, 11, 316-340 | 323


https://doi.org/10.1039/d3mh01390a

Published on 30 2023. Downloaded by Fail Open on 23/07/25 09:50:04.

View Article Online

Materials Horizons Review

«£2

2 mM NaOH

O oy

; % 3 4 S 3
twist ribbons twist/helical ribbons helical ribbons nanotubes

Fig. 7 (a) () Chemical structure of CapFF heptapeptide modified from the amyloid-f (16-20) fragment (KLVFF core motif), (i) depiction of all
intermediate and final polymorphic steps observed with time, and (iii) related AFM images of twisted ribbons (left), helical ribbons (middle), and final
cylindric helical nanotube (right) — all left-handed. Reprinted with permission from ref. 88, Copyright 2011 Wiley-VCH. (b) Chemical structure of the
C16-KKFFVLK peptide amphiphile and illustration of the thermos-reversible morphological transition between twisted ribbon and cylindrical helix and
tubule; (ii)—(iv) Cryo-TEM images showing the various nanoscale morphologies: (i) coexisting nanotubules and cylindrical helices, (iii) single nanotubule,
and (iv) twisted ribbons (helicoids); (v) birefringent texture observed by polarized optical microscopy (POM). Reprinted with permission from ref. 90,
Copyright 2013 Royal Society of Chemistry. (c) (i) Chemical structure and simplified model of the peptide amphiphile C1gH3,0-VEVEGRGD and (i) TEM
images showing the evolution of twisted nanoribbons from larger wider flat ribbons depending on the concentration in aqueous solution. Reprinted with
permission from ref. 91, Copyright 2009 American Chemical Society. (d) (i) Chemical structure of oligopeptide amphiphiles KIsFK (no —OH group), KIsYK
(para —OH group), and KizDopaK (para & meta —OH group), (ii) TEM images of the morphological evolution with time from helicoids to cylindrical helical
tubules, and (i) proposed hydrogen-bonding model for adjacent fibers. Reprinted with permission from ref. 93, Copyright 2021 Elsevier. (e) (Top)
Schematic illustration showing the helical assembly driven by the chiral interactions between the ferrocene-"Phe--Phe-OH dipeptide and a chiral
diamine (here (R)- and (S)-1-methylpiperazine); the molecular structures were obtained from the single-crystal X-ray structure analysis. (i)—(ix) Illustration
and side-view SEM images showing the morphological evolution of the hierarchical helical arrays (HHA) with increasing time after water vapor annealing.
Reprinted with permission from ref. 94, Copyright 2021 American Chemical Society. (f) (i) Chemical structure of the S30L12 polypeptide and (i) graphic
showing the morphological evolution and transition depending on the solvent used. (iii) TEM images of S30L12 morphologies developing over time in
10% acetonitrile in H,O. Reprinted with permission from ref. 95, Copyright 2020 American Chemical Society.

and finally days, from distinct protofilaments over flat to
cylindrical ribbons, and ultimately to tubular structures where
the filament edges join. As a kinetically controlled process,
various elements appear to be involved that ultimately result in
the misfits for the various intermediate shapes. At the proto-
filament level, self-assembly into a liquid crystalline (nematic)
state seems critical. Short-range attractions (perhaps Lenard-
Jones) between them lead to aggregation into the ribbon like
filaments, and finally electrostatic repulsion (as the intralayer
misfit) leads to twist.?> Any energetic penalty from exposed
edges is ultimately reduced by the formation of tubular
structures.

Such morphological transitions can be thermally reversible
as shown for a heptapeptide amphiphile (C,-KKFFVLK, Fig. 7b).
As expected for a kinetically controlled process, cylindrical helices
and tubular structures co-existed at low temperature (7 = 22 °C),

324 | Mater. Horiz., 2024, 11, 316-340

while at higher temperature (T = 55 °C) twisted flat ribbons
(helicoids) were detected.”®

In stark contrast to the usual observation of kinetically
stable tubular structures formed by cylindrical helices, giant
flat and even grooved flat nanoribbons were reported for
another Cj¢-heptapeptide (C;6H;3;OVEVE shown in Fig. 7c(i)).”*
Depending on the concentration of this heptapeptide amphiphile
in water, ranging from 0.01 to 0.1 wt%, helicoids varying in width
and/or wide flat nanoribbons were detected. At the low concen-
tration, helicoids dominate and at the intermediate concentration
(0.05 wt%), helicoids join to form wider, flat multilayer nanor-
ibbons (or nanobelts). These then dominate at higher concen-
tration as seen in panel (ii); Fig. 7c. Given the dimensions of
w = 150 nm and ¢ = 4.3 nm, the formation of flat multilayer
nanoribbons is not at all surprising given the geometric con-
siderations given in Fig. 1 and discussed in Section 2.1.>!

This journal is © The Royal Society of Chemistry 2024
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Ultimately, grooved nanobelts consisting of single bi- but not
multi-layer ribbons are observed at higher pH values because of
electrostatic repulsion between the deprotonated carboxylate
groups in C;¢H3,OVEVE, which are additionally lower in width
(w =50 vs. 150 nm).”*

Lack or presence of hydrogen bonding was also assessed for
the self-assembly of peptide bolaamphiphile variants of KI,K
(Fig. 7d). Replacing phenylalanine (KI;FK)®” first with tyrosine
(KI;YK featuring one -OH group) followed by Dopa-lysine
(KI;FDopakK; two ~OH groups).”® While all three oligopeptides
containing aromatic amino acids transitioned from helicoids to
cylindrical helices to tubules over time and under now estab-
lished kinetic control, -OH groups on the phenyl ring alleviated
steric strain by forming polar zippers (panel (iii) in Fig. 7d)
between the PB-sheets that ultimately led to an increase in
nanotubule diameter in the order KI;FK, KI; YK, and KI;DopaK.

An unusual and unexpected chiral morphology that consists
of twisted multi-helical filaments featuring crystalline subfila-
ment with a circular cross-section (amyloid-p-type nanofibrils)
was reported for a diphenylalanine peptide modified with a
redox-active ferrocene moiety at the N-terminus (Fig. 7¢)** after
addition of a chiral amine (here 1-methylpiperazine = 1-MP).
The resulting highly ordered hierarchical helical arrays (HHAs),
after controlled water vapor annealing, were left-handed when
(R)-1MP was added and right-handed in the case of (S)-1-MP
addition. The evolution (growth) of these HHAs for the (S)-1-MP
case is shown in panels (i)-(ix) in Fig. 7e. Here again, some
degree of chiral nematic ordering was assumed to be a key early
step in the self-assembly process.”

Overall, morphological transitions in di-, oligo, and poly-
peptides largely follow the same trends in morphological
transitions from helicoids to tubules via cylindrical helices.
Case in point is the recently reported self-assembly of the
polypeptide S30L12 as a function of solvent composition
(panels (i) and (ii) in Fig. 7f).%® S30L12 first forms curved sheets
as a precursor for cylindrical helices and ultimately nano-
tubules at lower EtOH proportions, while twisted ribbons
(helicoids) appeared as a starting point for nanotubule for-
mation at higher EtOH proportions (panel (iii) in Fig. 7f).
At even higher EtOH concentrations (30% in H,0O), morpho-
logies resembling the earlier described flat nanobelts are
formed with smaller filaments emerging from them (just like
those shown in panel (ii); Fig. 7c; at 0.5 wt%). In acetonitrile
(ACN), however, supported by solvent clustering around the
filaments, helicoids are the dominating morphological species
at a concentration of 30% ACN in H,O. Amphiphilic S30L12 is
comprised of hydrophilic polysarcosine, and six hydrophobic
dipeptide repeat units of r-leucine and aminoisobutyric acid.
Obviously, in the more polar protic solvent mixture (EtOH/H,0)
exposure of the hydrophobic moieties is better avoided by the
formation of closed tubules via cylindrical helices; not necessi-
tated in the less protic solvent mixture ACN/H,0.

In the majority of amphiphilic oligo- and polypeptide systems,
a combination of intrinsic chirality and tapered molecular shapes
(changes in cross-section along the long molecular axis) are the
key driving forces in the formation of ribbons that twist along a

This journal is © The Royal Society of Chemistry 2024

View Article Online

Materials Horizons

straight centerline or are bent around the ribbon width along a
helical centerline. However, a tubular morphology formed by or
characterized by cylindrical helical ribbons is by far the most
common.

2.5. Chiral supramolecular nano- and microfilaments

In supramolecular chiral assemblies formed by small mole-
cules, much the same driving forces lead to virtually all
possible chiral filament morphologies. Extensively reviewed
by Yashima et al in 2016,”° we will focus only on a few
representative examples, published since, and particularly on
some that demonstrate that helicoids are significantly more
common in these systems than in any of the classes of
materials we considered thus far.

Overall, many supramolecular chiral morphologies with
physical dimensions that can be imaged by electron or atomic
force microscopy are formed by aromatic or polyaromatic
molecules with appended chiral moieties such as chiral side
chains, amino acids, or carbohydrates. Self-assembly is frequently
driven by hydrogen bonding, n-n interactions, or microsegrega-
tion of incompatible molecular subunits.””*® These driving forces
in combination with specifically tailored molecular shapes are
generally the misfits leading to twist in the ensuing assemblies.

The first example, however, serves as a logical transition
from the peptide amphiphiles described in Section 2.4 and
shows that some concepts of chiral morphological evolution
are universal. In this specific case (see Fig. 8a), a pyridinium-
functionalized methyl glycyrrhetate (C4-MGP) derivative first
self-assembles into right-handed cylindrical helices at sub-mM
concentrations in water that further transition to tubular
structures with time.

With the ionic pyridinium unit serving as polar headgroup
and the glycyrrhetate as hydrophobic tail, the amphiphilic
molecules assemble into cylindrical helical ribbons about
10 nm in width by microsegregation of hydrophilic and hydro-
phobic units. And just like the polypeptide S30L12 in Fig. 7f,
with time these structures tend to limit exposure of the hydro-
phobic ribbon edges to the surrounding water by transitioning
to tubules.”®

A related ionic pyridinium amphiphile connected to an
achiral anthracene unit via a flexible hydrocarbon spacer then
formed a conglomerate of both right- and left-handed bilayer
helicoids as it should, given the absence of a chiral bias."®

Two examples of the formation of helicoids are given in
Fig. 8b and c. In each case, a 1,4,5,8-naphthalenetetracarboxylic
diimide is first generated by reaction of the dianhydride
with an amino acid, further functionalized with r-glutamate
(NDI-L-Glu in Fig. 8b)'°" or with tetraphenylethylene, TPE (NDI-
(i- or p-Ala-TPE), in Fig. 8c).'® In each case, helicoids are
formed due to n-r interactions between the naphthalenetetra-
carboxylic diimide units and interactions between the gluta-
mate units at the periphery for NDI-.-Glu and the considerable
steric demand introduced by the TPE units in NDI-(t-Ala or
p-Ala-TPE),. The type of interaction between the glutamates can
be tailored by changes in pH with H-bonding interactions
dominating at pH = 3 and 7, and electrostatic repulsion
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Fig. 8 (a) (i) Schematic showing the self-assembly of C4-MGP in H,O, (i) & (iii)
TEM images at 4.0 x 10~* M or 7.0 x 10~* M. Reprinted with permission from
ref. 99, Copyright 2016 Royal Society of Chemistry. (b) Chemical structure of
NDI-L-Glu and (i)—(iii) TEM images of the formed helicoids depending on pH:
(i) pH = 3, (ii): pH = 7, and (i) pH = 9. Reprinted with permission from ref. 101,
Copyright 2018 Springer Nature. (c) lllustration of the self-assembly of NDI-
(L-Ala-TPE), (left) and NDI-(p-Ala-TPE), (right) in THF/H,O = 40:60 (v/v).
Reprinted with permission from ref. 102, Copyright 2018 Wiley-VCH.
(d) Chemical structures of DD and LL disaccharides and SEM images of the
two enantiomers (left and right) as well as the racemic mixture (center). All scale
bars: 10 um. Reprinted with permission from ref. 104, Copyright 2020 Wiley-VCH.
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interactions contributing at pH = 9. These specific pH-
dependent interactions then decide the handedness of the
ensuing twisted ribbons: left-handed at pH = 3, right-handed
at pH = 9 and a racemic conglomerate of helical ribbons at
neutral pH = 7."°" In the case NDI-(L or p-Ala-TEP),, the con-
figuration of the alanine unit decides the ribbon handedness.'
Another example of NDI with achiral amino acid spacers and
chiral deoxycholic acid end units also showed the formation of
helicoids in H,O/THF (70/30 = v/v) mixture.'®*

What was achieved by adjusting pH for NDI-1-Glu was also
realized for tetrabenzyl-modified disaccharides. The pp- and
Li-enantiomeric pairs here formed exclusively left- or right-
handed helicoids at a concentration of 10% of hexafluoroiso-
propanol in water, respectively. The racemic mixture, however,
rather than forming a chiral conglomerate consisting of either
handedness, formed flat extended sheets with no twist at all.
Microcrystal  electron-diffraction  (MicroED) experiments
showed that the disaccharide molecules forming these ribbons
possess smectic ordering (i.e., layer ordering) with C-H- - - type
edge-to-face aromatic interactions between phenyl rings from
adjacent molecules. This smectic-like ordering was further
supported by distinctive focal-conic birefringent textures (seen
by polarized optical microscopy; although not liquid crystal-
line). MicroED further revealed twist in this supramolecular
assembly, possibly due to steric reasons between neighboring
benzyl units, with a handedness derived from the chirality
(configuration, p- vs. 1) of two glucose units (combined as the
misfit), which may also provide some clues to better under-
stand twisting mechanisms in natural polysaccharide crystals
such as cellulose nanocrystals or chitin."%*

Recalling the geometric considerations outlined in Section 2.1
and Fig. 1, helicoids formed by the materials shown in
Fig. 8b-d require specific conditions to form and would need to
fulfil specific geometric parameters: limited w, limited number
of layers (i.e., limited ¢), and an intra- or interlayer misfit along
a filament angle 0 of ~45°. For NDI-.-Glu the ribbon width
ranges from w = 130 to 200 nm while ¢ is well below this value
with t ~ 30 nm. Given the considerable value for w of these
ribbons, one would then expect the pitch to be large, and was in
fact ranging from ~1.4 to 2 pm (Fig. 8a).'®" For NDI-(i-Ala or
p-Ala-TPE),, as expected, the physical dimensions of the heli-
coids are almost the same as for NDI-.-Glu (Fig. 8c).'> For the
pp- and ri-enantiomeric pairs, the physical dimensions of the
formed helicoids further scale to values of w ranging from
about 0.5 pm to several um, of ¢ ranging from a few hundred
nm to several pm, and helical pitch values up to p = 10 pm
(Fig. 8d)."%*

2.6. Chiral nano- and microfilaments formed by bent-core
liquid crystal molecules

The last class of materials we will discuss here, known to form a
variety of chiral nano- and microfilaments, are liquid crystal
(LC) molecules with a pronounced bent molecular shape. Such
bent-core molecules can form an assortment of phases (some
liquid crystalline, others crystalline) including the heliconical
twist-bend nematic (Nyg)'>*** or twist-bend smectic (SmCrp)

This journal is © The Royal Society of Chemistry 2024
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phase'"?
glomerate (DC) or sponge phases,
(~14 nm) helical ferroelectric tilted smectic phase (SmCsPE),
and those we will primarily focus on in this review, so-
called helical filament-type phases."”"*** Morphological varia-
tions of the latter now include helical nano- or microfilaments
with varying dimensions (width and pitch) as well as intra- or
interlayer modulation,"*”*>*"**” heliconical nanocrystallites,"*®
and heliconical-layered nanocylinders."*® Without delving into
the details of molecular parity violations, the absence of chiral
bias in the constituent molecules—the absence of molecular
chirality""’—results in the formation of equal proportions of
left- and right-handed helical filament superstructures unless
there is an energetic imbalance that gives rise to symmetry
breaking’*® such as a chiral additive.

The helical nanofilament or HNF phase, aptly named after
the discovery of its internal structure and overall morphology
by Clark et al., is an astounding example of self-assembly
directed by molecular conformation. These multilayer heli-
coids form due to an intralayer mismatch between the two
molecular halves that can only be relieved by local saddle
splay. This, in turn, leads to twisted filaments composed of a
limited number of layer stacks usually of about 5 to 7 layers
(Fig. 9).*"7

The inferred intralayer mismatch here is the inherent misfit
that leads to twist. The two molecular halves tilt in orthogonal
directions from the layer mid-plane, which we assume as the
analogue of the filament angle 0 of 45° in the case of orthogonal
anisotropic sublayers shown in Fig. 1 (top left). This then leads
to a continuous twist of the flat ribbon along a straight center-
line at ~2° nm ™" forming a helicoid. As discussed throughout,
the formation of such helicoids comes with several geometric
restrictions such as limited w and ¢ (i.e., limited number of
stacked layers), which is experimentally observed for HNFs:
w=t¢t~ 40 nm and p ~ 200 nm.

Where such filaments are formed by achiral molecules,
HNFs form a conglomerate composed of macroscopic chiral
domains with opposite handedness. Within each domain,
HNFs grow, chirality preserving (i.e., left-handed in one domain
and right-handed in an adjacent domain),*® with a secondary
twist among HNFs."*" Early portrayal of this phase, historically
named B4 phase, was that of a crystalline phase."*> Solid-state
MAS-NMR experiments, however, showed that the HNF phase
is neither a traditional crystalline solid nor a conventional
LC."*® HNFs are characterized by crystal or hexatic in-layer
ordering.""”

While most of the early HNF phase materials were based on
the dual Schiff-base motif such as P-n-O-PIMB shown in Fig. 9,"**
other examples lacking the Schiff-base units emerged almost
twenty years later. Some featured biphenyl units in the arms
(A in Scheme 1),"** others were based on dimers with a flexible
spacer consisting of an odd number of methylene groups such
as the azobenzene-based dimer B in Scheme 1."*° Noteworthy
here is that A formed HNFs within and from xerogels (in solvent
such as hexane)."> Further structural modifications particu-
larly to the central aromatic unit (by introducing a third

as well as layered structures of so-called dark con-
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Fig. 9 (i) Self-assembly of the HNF phase consisting of well-defined
smectic layers with in-plane crystal or hexatic order, macroscopic polar-
ization, and tilt of the molecular planes. (i) Visualization of the orthogonal
half-molecular tilt directions on either side of the layer midplane (the
resulting misfit). (iiij) Formation of nanofilaments resulting from a local pre-
ference for saddle splay layer curvature. (iv) Freeze-fracture-TEM (FFTEM)
image of P-12-O-PIMB (T = 25 °C); smectic layer spacing: d ~ 5 nm. (v)
FFTEM image of HNFs grown from a mixture with the calamitic LC 8CB
(cooled from the isotropic phase and quenched from T = 37 °C). (vi) FFTEM
image of individual HNFs obtained by fast cooling of P-12-O-PIMB from the
isotropic to T = 25 °C (thermally quenched from T = 25 °C). (vii) FFTEM image
of the bulk HNF phase of POOPIMB at T = 25 °C: large domains of parallel,
coherently twisting HNFs (quenched from T = 25 °C); Circled areas show
coherent twist in adjacent HNFs. Scale bars: 60 nm in (iv), 400 nm in (v) and
(vi), and 370 nm in (vii). Reprinted with permission from ref. 117, Copyright
2009 American Association for the Advancement of Science.

biphenyl segment as in compound C with n = 9-15;
Scheme 1) gave rise to another type of HNF with a pronounced
inlayer modulation (both visible as striations in TEM images
and deduced from X-ray scattering data), thus, a modulated
HNF phase (HNFp,0q)-">>

Introducing chiral centers at C1 in each aliphatic side chain
with the same configuration (($,5)-1 and (R,R)-1, Scheme 1) had
further consequences for the resulting HNFs. First, the two
compounds only formed the HNF and no other phases on both
heating from the crystalline solid and cooling from the iso-
tropic liquid phase, with transition temperatures about
60-70 °C lower than the related achiral compound C with an
equal but non-branched aliphatic side chain of n = 8. More
crucially, (S,S)- and (R,R)-1 form dual-modulated HNFs with
single handedness (no conglomerate) with intra- as well as
interlayer correlation (HNF,0d24; here, subscript moq, signifies
dual modulation). The dimensions (w, ¢, and p) of HNF,,,,q and
HNF, 0422 morphologies remained identical to those of the
original HNFs."®” Alternating only the configuration of the
two chiral centers (as in (R,S)-1 and (S,R)-1, Scheme 1), how-
ever, led to dual-modulated HNFs with considerably larger
physical dimensions (w = ¢ = 100 nm; p = 350 nm), so except
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Scheme 1 Chemical structures of bent-core molecules forming nano- and microfilaments, types of morphologies formed upon slow and rapid cooling,
characteristic EM or AFM images showing the filament morphology and handedness, and characteristic POM textures between crossed or slight
decrossed polarizers. P-n-O-PIMB: reprinted with permission from ref. 117, 118 and 122, Copyright 2009 American Association for the Advancement of
Science, 2011 American Chemical Society, and 2001 The Japan Society for Applied Physics; (A) reprinted with permission from ref. 135, Copyright 2016
Wiley-VCH; (B) reprinted with permission from refs. 136 and 143, Copyright 2014 Royal Society of Chemistry and 2019 Springer Nature; C, (S,5)-1, and
(R,R)-1: reprinted with permission from ref. 125 and 127, Copyright 2020 American Chemical Society and 2016 Wiley-VCH; (R,S)-1 and (S,R)-1: reprinted
with permission from ref. 124, Copyright 2020 Wiley-VCH; (S)-2: reprinted with permission from ref. 126, Copyright 2018 Springer Nature.

for p, all values increased about twofold (HNF,q2p; Subscript b
used to indicate the larger dimension). Moreover, the configu-
ration of the chiral center in the longer para-side of the
molecule (para with respect to the central biphenyl unit)
appeared to control the twist sense of the single handedness
HNFs formed by each of the two compounds.***

Significantly more unexpected was the outcome of strategically
introducing only one chiral center either in the shorter meta- or in
the longer para-side of these molecules. In due course, single
molecule stochastic dynamics atomistic simulations showed that
the position of the chiral center at this core-chain junction (at C1)
in the meta- or the para-side of these asymmetric bent-shaped
molecules imparted significant changes in the core-chain angle
distributions as well as in the dihedral distribution functions of
the first three bonds in the aliphatic side chains."*

When the chiral center resides in the para-side, such as
in (S)-3 and (R)-3 (Scheme 2), a significant shift to lower bend

328 | Mater. Horiz., 2024, 11, 316-340

angles is observed at the core-chain junction in comparison
to the bend angle calculated for molecule (S)-2 (Scheme 1)
where the chiral center is situated only in the meta-side.
Furthermore, the chiral center in the para side chain of (S)-
and (R)-3 changes the local topology of the connection of the
alkoxy chain to the molecular core, subsequently leading to
more opportunities for twisted conformations than when the
chiral center is situated in the meta side chain as in compound
(8)-2."%° These changes in conformational distributions due to
the placement of chiral centers in the para- or meta-side affect
the average molecular dimensions with a lower average aspect
ratio for compounds (S)-3 and (R)-3 compared to (§)-2."2>"%”
As it turned out, the sum of these conformational differences
governs the type of curvature of these HNF layer structures with
saddle splay for the helical microfilaments formed by (S)-2 and
(R)-2 (HuFs), and cylindrical curvature in the heliconical-layered
nanocylinders (HLNCs) formed by (S)-3 and (R)-3."*°

This journal is © The Royal Society of Chemistry 2024
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What was particularly interesting here, was that the HuF
phase formed exclusively upon rapid cooling (rapid thermal
quench), while an oblique columnar (Col,},) phase was formed
on slow cooling at cooling rates of 5 °C min~" or less.

Studies examining the effects of altering the position,
number, and configuration of chiral centers have been per-
formed for all chiral liquid crystalline phases (effects on the
magnitudes of helical pitch, spontaneous polarization, stabi-
lity etc.). From a wealth of theoretical and experimental data
on chiral LC phases, two general trends emerged and were
reviewed by Goodby et al. and others."*®**° The key findings
were the following: first, increasing the length of terminal
aliphatic chains appended to a chiral center positioned at
the core-chain juncture diminishes the effects of chirality
with increasing aliphatic chain length. Chiral centers were
described as increasingly buried in the overall structure,
thereby diluting the effect of the chiral center by increasing

This journal is © The Royal Society of Chemistry 2024

the relative volume of the aliphatic molecular substructure,
especially in smectic layers (like those in HNFs). Second, and
analogously, moving the chiral center away from the core-
chain juncture diminishes any restraint of rotation about the
chiral center, thereby effectively reducing the effects of chir-
ality in the side chain.'?®

How much these concepts matter to HNF phase morpholo-
gies is summarized in Scheme 2. Elongation of the aliphatic
side chains while retaining one chiral center each at C1 (at the
core-chain juncture; see compound (S)-4 and (S)-5 in Scheme 2)
only had a minor impact on the phases formed (in case of
compound (S)-4) or on the morphologies exhibited by both
compounds. The diminished effects of molecular chirality were
seen most clearly for (S)-5, where EM images showed no clear
helicoidal wrapping as previously seen for related compound
(S)-3 with shorter aliphatic side chains. The eventually formed
cylindrical layered tubules, however, consisted of fewer layers.
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Considerably more impactful on the final morphology
formed was relocating the chiral center to C2 along with an
additional branching point by using (R)-2,6-dimethylheptyloxy
side chains. Conformational analyses revealed that the (S)- and
(R)-2-octyloxy side chains promote a markedly smaller core-
chain angle with a noticeable bend at the core-chain juncture
than the chiral center at C2 for the (R)-2,6-dimethylheptyloxy
side chains, which results in an almost linear overall shape of
the bent core molecular arms.

Coupled with the diminished effect of chirality, this resulted in
two new morphologies on slow cooling for (R,R)-6 (Scheme 2); the
coexistence of flat nanoribbons (FNRs) and occasionally twisted
nanoribbons (TNRs), while upon rapid thermal quench, left- and
right-handed HNF 42,5 coexisted right next to each other despite
the molecular chirality of (R,R)-6."*> The width (w) of the FNRs,
consisting of up to nine layers, was particularly striking, measur-
ing, for a few, about 100 nm but for many up to 400 nm. The
formation of different polymorphs depending only on the rate of
cooling from the isotopic liquid continued when the (R)-2,6-
dimethylheptyloxy chain was introduced on only the meta- or
para-side. (R)-7 with the chiral side chain in the shorter meta-
side, on slow cooling formed FNRs with a width on average of
w = 360 nm, while on rapid cooling, left- and right-handed HuFs
coexisted with an additional Col, (c2mm) phase. Finally, in this
series, (R)-8 exhibited the same Col, (c2mm) phase on slow cooling
and shorter (only a few um) tubular nanocylinders (NCs) on rapid
cooling that lacked any indication of cylindrical helical wrapping.
Xerogels of (R,R)-6 and (R)-7 in hexane each formed FNRs, while
(R)-8 formed NCs.'*°

To test if one could regulate the phase or morphology by
either applying an electric field or irradiating the sample with
UV light, compounds (S,S)/(S,5)-9 and 10 (Scheme 2) were
introduced."*" An applied electric field has previously been
used to generate chiral memory during temperature cycling
between the SmC,P, and HNF phase of an achiral bent-core LC
with Iso-SmC,P,-HNF phase sequence observed on cooling.'*?
Remarkably, (S,S)/(S,S)-9 exhibited a coexistence of left-handed
HNFp0426S and right-handed HLNCs on slow and rapid cool-
ing, but a SmC,P, phase when an electric field (E=18 V um™")
was applied during the Iso-HNF,,0q25/HLNC phase transition
due to the introduction of the (S,5)-2,3-difluoro stereopolar
units.

With respect to UV light as trigger for a phase or morpho-
logical change, compound 10 was designed with an azobenzene
unit in the longer para-arm. Bent-core LCs with azobenzene
motives forming HNFs (compound B in Scheme 1) permit
alignment of the HNFs'*® by taking advantage of the Weigert
effect."** Here, after successive reversible photo-isomerization,
the equilibrium state is biased toward the thermodynamically
more stable ¢trans isomer, which ultimately leads to a molecular
orientation in the direction parallel to the impinging UV light
irradiation. In the case of compound 10, these orientational
effects, when UV light (4 = 365 nm) was used to irradiate the
sample during the Iso-Col-HNF phase transitions, resulted
in the disappearance of the HLNC morphology that coexisted
with the HNFy,0q2p morphology on slow and rapid cooling.
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Furthermore, a likely more uniform molecular orientation in
the ensuing HNFs abolished any intra- or interlayer modu-
lation."" To better understand why these different morpho-
logies form and why their physical dimensions are what was
observed in the EM and AFM images, we lean on the geometric
considerations in Fig. 1. The overall molecular conformation of
the closely related molecules C and 1-10 (Schemes 1 and 2) as
well as the conformations at the core-chain junctures impact
molecular packing and inlayer tilt (calculated from X-ray
diffraction data). HNFs, HNF,,,qS, and HNF,,,q2.S are charac-
terized by the smallest filament width (w ~ 40 nm); the
HNF 04218 by a greater filament width (w ~ 100 nm).

The crucial requisites of self-limiting w and ¢ mean that the
HNF 04205 With larger w need to consist of significantly more
layers, as experimentally observed (~17 for HNF040bS VS. 5-7
for HNF(;0d24)5). As discussed in Section 2.1 and shown in
Fig. 1, if the filament width increases further, given a quasi-
identical number of sub-layers (~8 for HLNCs), flat filaments
with larger w will preferentially adopt a cylindrical curvature
resulting in cylindrical helices that will, like for many of the
other classes of materials), limit the exposure of the splayed
ribbon edges, eventually leading to tubular structures either
with or without discernable helicoidal wrapping (Fig. 10a).
As w increases further, HuFs with helical multilayer filaments
shaped like Auger worm form. Even larger w result in FNRs.
As shown in Fig. 10b, the progressive transition from screw
helices to cylindrical helices only depends on the filament tilt
angle ~ (see a movie of this shape transition in the ESIT). This
transition additionally underpins that the formation of HLNCs
and HpFs is related given the rather similar ribbon width.

a HNF,
HNFpoq,
HNFmodZa

| _ad

w =30 —40nm

HNF,0az0 HLNC

w =100 nm

FNR
HpF
w ~ 170 nm ‘\
w = 360 nm
a=60° a=30° a=0°

b@v‘\v" pCg T 4

screw helix bladed worm  Auger worm cylindrical helix

Fig. 10 Geometric considerations for multilayer nano- and microfilament
formation in bent-core molecules: (a) morphology depending on the
critical width (w) of the individual filaments and (b) helical flat filament
type depending on the filament tilt angle « with respect to the pitch axis. A
movie showing the gradual transition between screw helix and cylindrical
helix via intermediate bladed worm and Auger worm is provided in the
ESL+
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Thus, the here described formation of all up to now discovered
helical nano- and microfilaments follows the simple geo-
metric considerations outlined for the opening of seedpods,?
where the filament angle 0 (the in-layer misfit) as well as the
filament ribbon width w and thickness ¢ regulate the final
morphology.

Considering the variety of shapes reported thus far, surpris-
ingly absent are screw helices. As indicated in Fig. 10b and 11a,
all that would be required is a further deformation of the flat
filament until a filament tilt angle o = 90° (equal to the helix
angle = 90°) is reached. By confining HNFs in nanoporous
anodic aluminum oxide (AAO) films and further varying the
pore diameter from 20 to 80 nm (some shown in Fig. 11b),
HNFs with o = ) = 61° were generated (panels (i)-(iii); Fig. 11b).
With the additional space in pores of dyso = 80 nm available for
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Wi~ 43° Yo~ 55°

(v) daao1 =30nm v) daaoz =60 nm (vi) daaos =80 nm

Fig. 11 (a) Under confinement, HNFs gradually transition from HNFs with
smaller helix angle y and smaller p to almost a screw helix (increase in
filament tilt o with respect to helix axis) with larger  and p. Thus, the
number of smectic filament layers N (not shown in single-ribbon models)
increases as well. (b) This situation was experimentally realized by confin-
ing P-9-O-PIMB (Scheme 1) in nanoporous anodic aluminum oxide (AAO)
films and then varying the diameter of the pores; see EM images in panels
(i)=(iii) (hp is the p/2). (iv)—(vi) Show the grazing incidence-x-ray diffraction
(GIXD) data (note the clearly visible increase in the azimuthal distribution
Ay), and (vii)—(ix) show sketches of the layer arrangement depending on
the pore diameter (note the increase in N). Reprinted with permission from
ref. 119, Copyright 2014 National Academy of Science of the USA.
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HNF formation, the number of smectic layers, N, also increased
with increasing daso (panels (vii)-(ix) in Fig. 11b)."* Finally,
recent work indicated that helical nano- and microfilaments
can be logically blended in 1: 1 mixtures of bent-core molecules
forming different filament morphologies. These experiments
showed that the type of filament as well as the handedness can
be a priori predicted by assuming the ensuing sum (or the
average) chemical structure of the two bent core molecule
components. For example, a physical blend of (S)-2 (forming
left-handed HpFs) and (S)-3 (that forms right-handed HLNCs)
will form left-handed HNFs just like (S,5)-1 (Scheme 1).**?

3. Use as templates for applications

Given the ubiquitous nature of chiral nano- and microfilaments
across these various material platforms and further armed with
knowledge of the common driving forces for their formation,
largely based on simple geometric considerations, this section
will provide a brief overview over the use of such filaments as a
template for other materials.

With noble metal nanoparticles frequently being prime
targets for their helical assembly, given their technologically
important optical and electronic properties, the example shown
in Fig. 12a is highly representative for a wide range of chiral
templating strategies. As shown already in Fig. 3a(iii), Gemini
surfactants such as 16-2-16 (L)-tartrate, can serve as the initial
template for a solid silica replica of the cylindrical helix formed
by the Gemini surfactant. Subsequent removal of the surfactant
and reaction of with appropriately functionalized gold nano-
particles (GNPs) led to tunable and robust GNP nanohelices.
Tunability is here achieved, for example, by selecting the
desired configuration of the tartrate counterion. L-Tartrate at
the first templating step ultimately leads to left-handed GNP
nanohelices, p-tartrate to right-handed ones.**® While not pre-
cise with respect to GNP pitch and placement as those gener-
ated by DNA origami,""” this double-templating strategy is
straightforward and scalable.

HCNFs nucleate during the decomposition of acetylene on
iron and iron carbide (cementite, Fe;C) nanoclusters (Fig. 5b).>
Using ferrocene as the source for C and Fe, pyrolysis at 700 °C
in an Ar atmosphere directly results in HCNFs with embedded
Fe or, after subsequent oxidation at 700 °C in a CO, atmo-
sphere, to embedded Fe;O, clusters that follow the helical
nature of the in situ generated HCNF template. The composites
generated in this simple, low-cost process were further tested
and showed promise as anode materials for Li-ion batteries."*®
Another path to NP-decorated HCNFs follows a more tradi-
tional templating approach. Readily prepared HCNFs are first
functionalized with benzyl mercaptan, which binds to the walls
via m-n interactions, and Pd nanoparticles are grown directly
onto the thiol surface groups via reduction of a Pd(u) precursor
(Fig. 12¢).**>**° with Pd as a metal, the final composites were
tested as catalysts for fuel cells."*® What works for Pd as a
metal should also work for Au. If combined with the elastic
deformation of HCFs, as shown in Fig. 12d using two AFM
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Fig. 12 (a) Using Gemini surfactant 16-2-16 (L-tartrate) as template for GNP helical assembly after silicification first with TEOS (see Fig. 3a) and
functionalization with APTES (aminopropyltriethoxysilane): (i) TEM image of the resulting GNP helix, (ii) model, (iii) and (iv) cross-sectional and longitudinal
slices imaged by electron tomography. Reprinted with permission from ref. 146, Copyright 2017 American Chemical Society. (b) SEM and TEM (insets)
images of helical carbon nanofibers (HCNFs) with embedded Fe and FesC and (ii) FesO4 nanoparticles starting with the pyrolysis of ferrocene to obtain (i)
and after oxidation in a CO, atmosphere to obtain (ii). Reprinted with permission from ref. 148, Copyright 2012 Wiley-VCH. (c) (i)—(ii) TEM images of Pd
nanocrystals self-assembled onto HCNFs after surface modification of the HCNFs with benzyl mercaptan followed by addition of Pd acetate and
reduction with hydrazine. Reprinted with permission from ref. 149, Copyright 2012 Elsevier. (d) Experiment to show that HCFs behave like elastic springs
when clamped between two AFM cantilevers: (i) the left one is stiffer than the one in the right, (ii) relaxed HCF, and {iii), (iv) at 20% and 33% elongation,
respectively. Reprinted with permission from ref. 151, Copyright 2003 American Chemical Society. (e) Formation of a GNP helix using a gold-binding
oligopeptide conjugate (Ci1gH3z7-AYSSGAPPMPPF = C18-PEP,y): (i) model and assembly process of the cylindrical helical ribbon formed by this
oligopeptide, (i) AFM and (iii) TEM image, and (iv) single-helix assembly model. Reprinted with permission from ref. 154, Copyright 2016 American
Chemical Society. (f) Double-helical assembly of GNPs using C1oH25-AYSSGAPPMPPF (C12-PEP,y): (i)—(iv) TEM images showing the double left-handed
helix formed by the GNPs, and (v) schematic showing the assembly. Reprinted with permission from ref. 155, Copyright 2008 American Chemical Society.
(g) Use of ferrocene oligopeptide conjugates to generate left- and right-handed silica nanoribbons after treatment with TEOS and trimethoxysilylpropyl-
N,N,N-trimethylammonium chloride (TMAPS): (i) chemical structure of ferrocene peptides (ferrocene-"Phe-(-Phe)-(-Phe)-OH; see also Fig. 7e), (i) self-
assembly, silicification, and calcination, (jii)—(vii) SEM + TEM images and model of left-handed twisted ribbons in 10% acetonitrile in H>O, (viii)—(xii) SEM
and TEM images, as well as a model, of the right-handed twisted ribbons in 10% isopropanol in H,O. Reprinted with permission from ref. 157, Copyright
2018 Wiley-VCH.

151

cantilevers,'”" the resulting filaments could be used for tunable ~ Fig. 12g)."”” Just as shown for the Gemini surfactants in

optical metamaterials.

Single and double GNP helices were also generated using
Au-binding oligopeptide*®**** amphiphiles as cylindrical heli-
cal or twisted ribbon (helicoidal) templates. As emphasized in
Fig. 7a-d, oligopeptide amphiphiles, depending on a combi-
nation of chemical structure and experimental conditions
(e.g., solvent), form almost the entire gamut of filament morpho-
logies, from helicoids to tubules. Circular helical ribbons then
led to single GNP-helices (Fig. 12e),"** whereas helicoids were
engaged to generate GNP-double helices (Fig. 12f)."*> Remarkable
is the dual function of the Au-binding oligopeptide motif (PEP,y)
as binder for the GNPs while aiding the self-assembly of the active
template.">® Another example of such solvent-controlled self-
assembly and templating mechanism was shown for ferrocene
oligopeptides such as ferrocene-(“Phe),-OH (n = 1, 2, or 3,
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Fig. 12a, silicification of ferrocene-based oligopeptides using a
silane and an ionic silyl halide (using the dipeptide ferrocene-
(“Phe),-OH, panel (ii); Fig. 12g) leads to solid left- (panels (iii)~(vii),
Fig. 12g) or right-handed helicoids (panels (viii)-(xii); Fig. 12g)
with the observed handedness affected by the choice of solvent
mixture composition.™”

Double helical nanoparticle assemblies closely related to
those provided in Fig. 12 for oligopeptide-, carbon- or surfactant-
based materials as chiral templates were also realized for HNFs
especially once the GNPs (here also GNRs) were capped with
ligands that mimicked the chemical structure of the bent-core LC
forming the HNFs (Fig. 13a and b)."**"® Decoration of nano-
particles with pro-mesogenic ligands, often recognized as a pre-
requisite for initially required good dispersion of NPs,'®'"*** leads
to multilevel hierarchical assemblies beginning with parallel rows

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 (a) Formation of helical gold nanomaterial superstructures: (i) GNP (Au2) capped with a mixed ligand shell of —=SC;,H,5 and a pro-mesogenic
ligand that is structurally similar to the dimeric bent-core mesogen (a phenylbenzoate dimer analogue of B in Scheme 1), (i) TEM image of heat-annealed
Au2, (iii) and (iv) double helical GNP superstructure formed around HNF template (assembling at the exposed aromatic sublayers of the HNFs), (v) GNR
capped with the same promesogenic ligand (Au3), (vi) TEM of Au3, (vii) and (viii) TEM images revealing the GNR superstructure formed around HNF
template, (ix) hierarchical self-assembly of dendritic growth by HNF-GNR superhelices, and (x) 3-D reconstruction from TEM images. Reprinted with
permission from ref. 158, Copyright 2020 Wiley-VCH. (b) () TEM images of the double-helical organization of gold nanoparticles differing in size
and shape and (ii) corresponding 3-D models. Reprinted with permission from ref. 159, Copyright 2022 Wiley-VCH. (c) Demonstration of the
reflective optical properties of HNFs formed by B: (i) POM images of shadowed and UV-irradiated areas, (ii) schematic of the selective reflection,
(iii) reflected color (against dark background) based on aliphatic spacer length n (n = 5, 7, 9, and 11 for compound B; see Scheme 2) and (iv) color
against light background. Reprinted with permission from ref. 143, Copyright 2019 Springer Nature. (d) Using adjacent left- and right-handed
UV-aligned HNF domains formed by compound B (n = 9, Scheme 1) to create a chirality sensor (here for carbohydrates): (i) and (ii) concept, (iii) and
(iv) chirality and opposite rotation of plane-polarized light detected for the two carbohydrates (levorotatory (—)-fructose and dextrorotatory
(+)-glucose) when viewed through a quarter-wave plate and linear polarizer, and (v) no chiral domains visible in the presence of an achiral analyte
(here, just H,O). Reprinted with permission from ref. 167, Copyright 2019 Wiley-VCH. (e) (i)—(iv) Fabrication process for a chiral physical unclonable
function (PUF) based on HNFs formed by compound B (Scheme 1) as a photonic crystal. Reprinted with permission from ref. 168, Copyright 2022
Royal Society of Chemistry.

of GNPs or GNRs all the way to dendritic growth of HNF-double
helical GNPs (or GNRs) composites.">® For further generation of
active plasmonics with tunable plasmonic circular dichroism
(PCD), PCD intensity as well as the spectral position (wavelength)
can be finetuned using Au nanomaterials differing in size and
shape as well as using increasing concentrations of chiral solutes
to tune HNF pitch and handedness.™’

Taking advantage of the porous nature of HNF assemblies
and the fact that HNFs expel guests quite proficiently,'®> HNFs
have been used as templates not only for plasmonic nano-
materials but also for carbon-based nanomaterials such as
fullerenes. Using flash-photolysis time-resolved microwave con-
ductivity (TRMC) measurements in samples where the HNF
phase formed by P-9-O-PIMB (see Scheme 1) was used to
fabricate Cgo-based heterojunctions, the working principle of
prototypical electron acceptors for organic photovoltaics was
demonstrated.'®®

Benefitting from the inherent chiral shape and properties
of HNFs, HNFs formed by compound B (Scheme 1, with n = 5,

This journal is © The Royal Society of Chemistry 2024

7, 9, and 11) were shown to permit the generation of
wavelength-specific structural color reflectors after UV align-
ment. With the value of the HNF helical pitch dependent on the
aliphatic tether length, n, the reflected structural color could be
tuned from 4 ~ 450-550 nm, and these reflected colors could
further be patterned using photomasks (Fig. 13¢c)."** The same
HNF material (B with n = 9, Scheme 1), after UV photoalign-
ment of the HNFs perpendicular to the confining substrates,
was used to design a chirality detector for carbohydrates
(as example). The chiral photonic HNF films serve as the source
for left- and right-handed circularly polarized visible light.
When combined with a quarter wave plate (1/4) as well as a
linear polarizer (P), levo- or dextrorotation of (—)-fructose and
(+)-glucose, respectively, could be imaged by microscopy (the
orange cylinder in Fig. 13d represents the carbohydrate solu-
tions in glass cylinders)."®”

The final example in Fig. 13f depicts how the photonic
crystal colors of HNFs were employed to create physical unclon-
able functions (PUFs) for security and anticounterfeit
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applications. With the proven concept of HNF alignment by UV
light using azobenzene flexible dimer HNF materials (like com-
pound B) and patterned photomasks, complex pattern such as QR
codes were generated with a final encoding capacity of E,s¢ ~
10", which could take brute force algorithms ~10'*° years to
simulate or predict.'®®

Helical nano- and microfilaments are also exceptionally
tunable templates for the generation of circular polarized
luminescence (CPL) sought after for numerous applications
in optical information storage and encryption.'**™'”*

To benchmark CPL efficiency is to calculate the lumines-
cence dissymmetry factor gjum = 2(I, — Ir)/(I. — Ir), where I; and
Iz are the intensity of the left- and right-handed circularly
polarized luminescence, respectively.'’®*8* Thus, the values
of gium, by definition, range from +2 to —2.

The maximum value of |gj,m| = 2 means that an ideal left- or
right-handed polarization of the emitted light, while a gjym = 0
corresponds to no CPL. Hence, photophysical property of CPL
echoes structural information of chiral molecules or molecules
in chiral environments in their excited states, and chiral nano-
or microfilaments are ideal candidates based on overall tunable
shapes and dimensions (across the various materials platforms
described here). Most organic CPL systems tested in solution
show |gium| values in the range of 10~° to 10? in magnitude'®>
and their performance is often diminished in the solid state
due to the notorious aggregation-caused quenching (ACQ)
effect. Thus, design and preparation of chiral AIE systems'®* %>
(light emission induced by aggregate formation) was selected as
one possible approach to address this problem (Fig. 14a). All five
helical filament morphologies showed intrinsic CPL activity on
the order of 107% to 10~ 2 with the HNFpo425 formed by com-
pounds (8,S)-1 or (R,R)1 returning the highest values for |gjum|
since this particular HNF,,q2, morphology features the tightest
pitch, p.

As for the mesogen-functionalized Au2 and Au3 (Fig. 13a),
HPS aggregates at HNF faces exposing aromatic sublayers in a
double-helical fashion. The calculated |gj,m| is then also the
highest when HPS is mixed with the HNF,,,42,5 until a max-
imum concentration of about 0.2 wt% is reached (panel (iii),
Fig. 14a). A further increase in HPS concentrations leads to HPS
self-aggregation and lower values for |gj,m|. A further increase
in |gum| up to |gum| = 0.25 was anticipated and observed when
the HNF 04248 Were aligned in AAO with dazo = 60 nm (panels
(iv) and (v); Fig. 14a).'%°

A final illustration of CPL generated through the chiral
assembly of quantum dots (QDs) in a double-helical formation
around HNFs is presented in Fig. 14b. Using an axially chiral
dopant, left- or right-handed HNFs served as chiral template for
InP/ZnS QDs. The calculated |gjum| values were one order of
magnitude lower than for the AIE dye HPS (|gjum| on the order
of 10~?) perhaps due to some degree of luminescence quench-
ing once the QDs decorate the HNFs at QD concentrations
reaching up to 8.5 wt%.'®’

The examples discussed here in more details are, of course,
only emblematic for the wide range of possible or already
realized applications for chiral nano- and microfilaments. Not

334 | Mater. Horiz., 2024, 11, 316-340

View Article Online

Review

a 202 O 9 0’%% Q 0 ‘ﬁ

]

(S,5)1: p-(R), m-(R); th
(RR): p(S), m(S); Ih
w=h=40nm

p =200 nm

G

(R,S)-1: pR), mS); rh
w=h=100 nm
p =350 nm

(8)-2: m(S), p-CsHi7; Ih
w=h=250-300 nm
p=900nm—1pm

= Juwy

(8)-3: m-CgHi7, p-(S); th
D=80nm
p =160 nm

(iv) . mon

@)  OIM+QD + chiral dopant
165°C

cooling

(iil)
0.012

——OIMg_QD4 —— OIMg_QD2
0.008 OIMg_QD4 OlMg_QD2
0.004-{A YV WAL
0,000 MMMM’VWWWW(\
2 e
-0.004 Mo A
-0.008 y
0.012
550 700

600 650
Wavelength (nm)

Fig. 14 (a) (i) and (ii) Concept of generating circularly polarized lumines-
cence (CPL) using nano- or microfilament morphologies. Concentration-
dependent |gum| values of (R,R)-1 (Scheme 1) with the double-helical
assembled aggregation-induced emission (AIE) dye hexaphenylsilole
(HPS). (iv) and (v) Alignment in AAO nanoporous films leads to an increase
in [guml. here using (S,5)-1 (see Scheme 1). Reprinted and adapted with
permission from ref. 186, Copyright 2022 American Chemical Society.
(b) Generation of CPL using P-18-O-PIMB (n = 18, see Scheme 1) using a
chiral dopant to create left-or right-handed HNFs and double-helically
assembled InP/ZnS quantum dots (QDs): (i) formation of HNFs and co-
assembly of QDs from the melt, (ii) detected energy transfer from the
organic HNFs to the QDs, and (iii) gum plotted vs. wavelength in nm
depending on the HNF handedness and QD concentration (QD2: 4.5 wt%;
QD4: 8.5 wt%). Reprinted with permission from ref. 187, Copyright 2022
American Chemical Society.

any less noteworthy are applications ranging from sensing'®*'%°

to (bio)- medical uses.’** "
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4. Conclusions

The creation, investigation, and application-driven use of chiral
organic as well as inorganic nano- and microfilaments remain
very active and attractive fields of research.”®'%*"'%° While this
review specifically focused on developing an understanding of
what ultimately leads to chiral twisting and writhing in organic
materials, their use as templates for inorganic nanomaterials or
emitters aimed at a wide range of applications will continue to
drive research in this expanding field.

Notable, given the geometric approach of intra- or interlayer
misfits, is the comparatively scarce manifestation of flat
ribbon-based on Archimedes-type screw helices with the fila-
ment tilt angle approaching o« = 90°. One such rare example is
shown in Fig. 15. In this case, the ferrocene-("Phe),-OH dipep-
tide that we have seen earlier in this review (Fig. 7e and
12g)—capable of growing a range of filament types—under
specific conditions generated multi-helical fibers around which
a screw helix ribbon formed.>*°

Given the large number of known polycyclic aromatic mole-
cules with a screw helical shape (helicenes®”' "), the fact that
screw helices are rare among organic nano- and microfilaments
is likely related to the types of deformations required to
generate screw helices in organic self-assembled system. To form
a screw helix, a combination of continuous splay, if anisometric
building blocks arrange parallel to the ribbon width, or contin-
uous bend, if such building blocks are parallel to the ribbon
height, and a continuous twist along the helix axis are needed.
A larger ribbon width would be necessary to accommodate such
deformations, as seen for the ~500 nm wide ribbons in Fig. 15
(panels (iv) and (v)). At such larger widths, flat multilayer ribbons
are stable, competing favorably with such screw helices as shown
for some materials systems in this review already (Fig. 3b(vii) and
7c(ii), and compounds (R,R)-6 as well as (R)-7 in Scheme 2).
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Q
a

Fig. 15 Example of a rarely observed screw helix (Archimedes screw
filament) formed by (i) ferrocene-(-Phe),-OH. Considering the phase
diagram (plotting counterion rigidity vs. medium polarity index) shown in
panel (i), the unique growth of a screw helix around or along with twisted
nanohelices (see model in (iii) and SEM images in (iv) and (v)) leads to larger
hierarchical structures (several um in length and over 1 pm in width) that
are rigid and can only be generated by very specific conditions (i.e., choice
of counterion, temperature, pH, solvent mixture polarity, structurally rigid
ammonium salt additives such as a piperazine buffer solution). Reprinted
with permission from ref. 200, Copyright 2015 American Chemical Society.
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Nature’s helices®*® will continue to be a source of inspiration
for mathematicians, biologists, physicists, chemists, and engi-
neers to continue finding material systems that combine chiral
shape with functionality, since these two concepts appear
intricately linked to one another.”’°®°® We also want to leave
the reader with a number of previously published reviews and
key articles in this exciting field. These include several out-
standing articles by Liu et al on the formation of helical
nanostructures in a variety of material systems,***>'> reviews
by Shimizu et al., Aida and Meijer, as well as Bhosale et al. on
supramolecular helical architectures,”™>"> and finally several
overview articles on chiral superstructures in liquid crystals.>'®">*°
The omnipresence of chiral nano- and microfilaments coupled
with myriad lucrative applications are major reasons why we
should stay tuned!
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