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Abstract 

Chirality is a fundamental property and vital to chemistry, biology, physics and materials 

science. The ability to use asymmetry to operate molecular-level machines or 

macroscopically functional devices, or to give novel properties to materials, may address key 

challenges at the heart of the physical sciences. However, how chirality at one length scale 

can be translated to asymmetry at a different scale is largely not well understood. In this 

review we discuss systems where chiral information is translated across length scales and 

through space. A variety of synthetic systems involve the transmission of chiral information 

between the molecular-, meso-, and macro-scales. We show how fundamental 

stereochemical principles may be used to design and understand nano-scale chiral 

phenomena and highlight important recent advances relevant to nanotechnology. The 

survey reveals that while the study of stereochemistry on the nanoscale is a rich and 

dynamic area, our understanding of how to control and harness it and dial-up specific 

properties is still in its infancy. The long-term goals of controlling nano-scale chirality 

promises to be an exciting journey, revealing insight into biological mechanisms and 

providing new technologies based on dynamic physical properties. 

Introduction 

Biology uses chirality as a pervasive ‘design feature’ at all levels of organisation, from the 

monomers that compose genes, proteins, and membranes, to macroscopic structures such 

as sea shells and human appendages. Molecular asymmetry is so important to living 

systems that it is widely regarded as a biosignature; all known life uses monomers that share 

a common chiral sense, a phenomenon called biological homochirality. 

In small molecules and common higher-order motifs, chirality is familiar and widely 

understood: chiral molecules are non-superimposable upon their mirror images. But chirality 

is a geometrical property independent of molecules or any other physical instantiation,1 and 

it occurs in more esoteric forms.  Physical forces such as photons, electrons, magnetic 
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fields, and vortices may all be chiral. Some forces, such as magnetic fields and vortices, 

exhibit “false chirality” in that they are not time invariant and can be inverted by the 

combination of time reversal and spatial rotation.2 The weak nuclear force is chiral, rendering 

the world fundamentally asymmetric. Consequently atoms themselves are chiral, meaning 

that enantiomers are predicted not to be strictly isoenergetic. The energetic difference 

between enantiomers is too small to be of consequence in chemical systems but is in 

principle measurable.3,4 

Intuitively, some objects appear to be ‘more chiral’ than others. For example enantiomers 

distinguished by isotopic substitution seem ‘less chiral’ than enantiomers distinguished by 

more obviously different substituents. Such compounds are often ‘cryptochiral’ and can 

require specialised characterisation methods.5 Attempts to quantify degrees of chirality date 

back to Guye in the 19th century.6 This endeavour is unsurprisingly complicated and until 

theories are more fully developed it is best to define chirality in binary terms.7,8  

The connection between molecular chirality and macroscopic chirality has been known since 

Pasteur showed that a single enantiomer crystal, when dissolved, could still rotate plane 

polarised light.1,9 It is now obvious that both crystals and molecules can have asymmetry. 

The relay of chirality across length scales – how (+)-tartartic acid forms a single hemihedric 

crystal with dissymmetric facets inclined to the right or left – is only poorly understood. The 

study of chirality in even more complex architectures, such as inorganic nanoparticle 

assemblies, is therefore also in its infancy. 

Living systems have dynamic structures which rely on the relay of chiral information across 

multiple length scales for function. Gene regulation involves the coiling and uncoiling of DNA 

and natural molecular motors use unidirectional motion to interconvert forms of energy. At 

the macroscopic level cucumber tendrils use helical coils to reach the sun and chiral seed 

pods open via mechanisms relying on helical shapes. A sense of asymmetry is vital to the 

operation of natural machines, allowing the directional rotary motion that drives ATP 
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synthesis or bacterial flagella to be possible. Understanding the structure and function of 

these assemblies may reveal principles about how to design and assemble functional 

artificial systems. 

Often, synthetic systems aim to emulate nature in their behaviour. However, unconstrained 

by biological homochirality, chemists are able to access materials and therefore mechanisms 

not observed in nature. Thus synthetic systems may amplify small enantiomeric excesses, or 

small asymmetric perturbations in systems based on achiral building blocks. Exploiting these 

principles in the rational design of potentially dynamic and responsive systems would 

provide access to new and valuable functional materials in chemistry, medicine and beyond. 

In this vein, artificial molecular machines have been extensively studied. It has become 

apparent that the major difficulty in operating molecular devices is not achieving motion, but 

instead in learning how to control this motion and use it to perform a function.10–12 Key 

challenges include control over directionality, which requires a sense of asymmetry, and how 

to amplify the effect of the machines so that they can do work. As we will see below, a few 

early successes have already been demonstrated by exploiting chiral self-ordering 

phenomena that exert forces at the nano-, micro- and macroscopic levels. 

In this review we survey synthetic systems where chiral information is ‘transmitted’ so that a 

local source of chirality influences the conformation or configuration of a remote site. We 

also discuss the transmission of chirality across length scales: how molecular-level chirality 

influences the meso- or macro-scale properties of a system. This includes examples from 

across the chemical literature which highlight common principles by which chirality can be 

transmitted and amplified, followed by a discussion on the emerging chiral nanotechnologies 

which rely on these and other principles. 

We begin by briefly reviewing key stereochemical concepts and principles.1 Molecular 

stereochemistry is generally well taught and intuitive to chemists, but the language of 

stereochemistry is extensive and precise. In some cases terms are controversial,13 or good 
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terms for certain aspects simply do not exist yet despite authoritative treatises.1,14,15 We have 

tried to use as few specialist terms as possible and hope that readers will accept some 

imprecision in exchange for simplicity. 

It is necessary here to distinguish between chirality at different length scales, as we move 

from the molecular to supramolecular to macroscopic scales. Here ‘local’ refers to 

monomers at the molecular scale, and arises from variation in conformation or configuration 

at the monomer level (Figure 1a,b). Global chirality refers to conformations at greater length 

scales such as in oligomers, polymers, supramolecular assemblies, and assemblies on 

surfaces or in liquid-crystalline structures, and is analogous to secondary or tertiary structure 

in proteins (Figure 1c). Finally, macroscopic chirality refers to micrometre or larger scales, 

including crystals and biological structures such as plant tendrils (Figure 1d). Clearly this 

distinction is imperfect, but useful for considering the influence of local chirality, such as 

isomerism at a single carbon atom, on the asymmetry of a larger system. 

[Figure 1 near here] 

The dynamic behaviour of chiral systems is important. In many cases configurational 

isomers are kinetically stable, as racemisation requires breaking a covalent bond. Kinetically 

stable chiral structures have been described as having ‘permanent’ chirality.16 In contrast 

helical molecules and many other conformationally chiral species may have lower barriers to 

racemisation, as either enantiomer can be obtained by bond rotation. The distinction 

between permanent and transiently chiral species is a matter of degree; the energetic 

barriers to bond cleavage and bond rotation overlap considerably, and the crossing rate 

depends on conditions including temperature.1 In general, permanently chiral species are 

easier to analyse than transiently chiral species; the introduction of dynamics to chiral 

systems can quickly complicate analysis. 
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A Mechanism for Transmitting Chirality 

When enantiomers interact with another chiral species there is a difference between the 

energy of the two interactions and they become diastereomeric to one another. The 

energetic difference between diastereomeric interactions is essential to many of the 

examples reviewed here and is illustrated (Figure 1e) by the reaction of a pair of 

enantiomers with an enantiomerically-pure chiral molecule. The enantiomers interact with 

the chiral reagent with different energies. They therefore react at a different rate, via 

diastereomeric transition states, to give a mixture of two energetically, physically, and 

chemically distinct diastereoisomers. 

This principle is general and applies to any interaction between chiral species including non-

covalent interactions, conformationally or transiently chiral species, and interactions with 

physical forces such as circularly polarised light. For example, a pair of enantiomeric helices 

becomes diastereomeric by interaction with a single enantiomer chiral reagent (Figure 1f). 

As a result the two helical screw senses are no longer energetically equivalent and one 

sense is favoured over the other. For helices with a low barrier to interconversion, the 

system could respond to chiral stimuli by preferentially adopting one screw sense. The 

degree to which one enantiomer is favoured over another can be quantified as ‘enantiomeric 

excess’ (ee), defined as the percentage excess of the major enantiomer over the racemate.1 

The energies of diastereomeric interactions can have significant consequences even in 

simple systems. In samples that are neither racemic (0% ee) nor enantiomerically pure 

(100% ee), i.e. in scalemic samples, homochiral and heterochiral dimers (or higher 

oligomers) form which are diastereomeric and different in energy. Depending on the relative 

strength of these interactions, the system may preferentially form racemic or conglomerate 

domains (Figure 1g).1 The energy difference between homo- and heterochiral interactions 

leads to non-linear effects in asymmetric catalysis,17 changes in enantiomeric composition 

during crystallisation, and has been implicated in the origins of biological homochirality.18 

6 
 



Diastereomeric interactions can be used to transmit and amplify chirality, and exploiting this 

concept is the basis of much of the work covered in this review. 

Transmission of Chirality In Covalent and Supramolecular Structures 

The transmission of chirality within conformationally constrained polymers, foldamers and 

supramolecular assemblies has been widely explored (Figure 2).19–28 Whilst supramolecular 

and polymeric systems composed of chiral monomers are inherently chiral, achiral 

monomers may also preferentially adopt stable chiral conformations when forming higher 

order architectures. Helical conformations are pervasive and appear to be the most common 

structural element for the transmission of chirality. Well-defined, rigid helices allow the robust 

transmission of information in one dimension along the backbone, which can be harnessed 

for function.  

Perhaps the simplest demonstration of the transmission of chirality across length scales is 

the formation of globally chiral supramolecular structures from chiral monomers. In 

pioneering studies, Green and co-workers demonstrated that isocyanate polymers are highly 

sensitive to local chirality: monomers rendered chiral by a single deuterium label gave 

polymers with high optical activity arising from the helical chromophore (Figure 2a).29 

Although each residue imparts only a tiny conformational bias, a high screw-sense 

preference is observed. In contrast, polymers of achiral isocyanate monomers adopt helical 

conformations with no screw-sense preference. Non-covalent supramolecular structures can 

display the same sensitivity to isotopic substitution, as described by Meijer and co-workers 

(Figure 2a).30  

Globally chiral supramolecular structures commonly show high fidelity of chiral transmission. 

While helices are the most widely studied motif other structures are known.31 The global 

conformation of these structures is frequently mediated by, and highly sensitive to, hydrogen 

bonding, π-stacking, chiral guests, and solvent interactions.19–28,32 Environmental sensitivity 
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of this kind can give rise to numerous dynamic chiral supramolecular architectures with 

induction, switching, or ‘memory’ of a screw-sense preference.19–21,23–26,28,33,34  

The strong chiral recognition in some supramolecular assemblies can even lead to 

spontaneous mirror symmetry breaking processes.35–37 Here, systems composed of achiral 

or racemic monomers are driven to a non-racemic state in the absence of a chiral influence. 

This seems to require the interaction of multiple helical assemblies through processes 

analogous to nucleation in crystallisation.38 A few examples even involve the handedness of 

the initial ‘seed’ being selected by physical vortices, which are false chiral sources.36,37 

Mechanisms for the transmission of chirality in one-dimensional systems can illuminate the 

behaviour of higher-order materials. In particular, two common effects seen in individual 

polymers have analogues in higher-order assemblies. The “Sergeants and Soldiers” (SS) 

effect occurs when achiral monomers interact with a small number of chiral monomers which 

determine the global chiral conformation. The “Majority Rules” (MR) effect occurs when the 

global supramolecular structure is determined by a small imbalance in the directing ability of 

the monomers present, such as a small enantiomeric excess (Figure 2b). Both effects have 

been used by Green and co-workers to control the global helical sense of 

polyisocyanates39,40 and have been observed in a variety of covalent and supramolecular 

polymers and foldamers.19–21,23–26,28  

Both the MR and SS effects constitute strong nonlinear responses of polymer structure to 

small chiral biases among monomers. It may be difficult to rationalise these effects by simple 

monomer interactions, but the work of Meijer has shown that they can be understood by 

considering the energetic cost of screw-sense inversions or incorporation of mismatched 

monomers to a growing chain.30,41 Thermodynamic models can account for both SS and MR 

effects in cooperative supramolecular polymerisation and offer insight into the origin of chiral 

amplification.42 
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These effects allow small sources of local chirality to be amplified to the global level and a 

route to dynamic behavior such as helix inversion in response to stimuli: a small number of 

monomers containing switches can control the global conformation. This is potentially 

important for the precise design of functional materials and has been exploited in higher-

order materials such as liquid crystals (see below).43–45 

The SS and MR effects rely on chiral monomers distributed more or less evenly throughout a 

polymer. To understand how much influence a single chiral monomer can have on global 

chirality numerous researchers have studied small foldamers.46 These are typically short (n 

< 20) oligomers of achiral monomers containing a single chiral residue. In particular, 

Clayden and co-workers have explicitly investigated the limits of and prerequisites for the 

transfer of chiral information down a chain. A chiral influence at one end of the oligomer can 

induce a preference for one helical sense, providing a mechanism for transmitting chiral 

information along the oligomer.47–49 This has been called the domino effect.50 Using Aib (2-

aminoisobutyric acid) oligomers which form rigid helices that rapidly interconvert in 

solution,51 Clayden et al. have demonstrated and exploited highly selective control over 

screw-sense preference.52 

A global screw-sense imparted via the domino effect can also be used to induce local 

chirality. An Aib oligomer with a chiral bis-amino acid residue at its terminus induces 

diastereoselectivity in a reaction at a prochiral site about 4 nm from the source of chirality 

(Figure 2c).48 The global screw-sense preference can be switched by incorporating a light-

driven azobenzene moiety, allowing controlled transitions between ‘on’ (induction of 

preferred helical sense) or ‘off’ (negligible induction of preferred helical sense) states. A 

switchable oligomer of this kind has been embedded in a bilayer membrane to model and 

understand the dynamics of helical membrane proteins.49  

Molecular switches and motors have also been harnessed to induce helical deformations on 

a larger scale.53 Feringa has demonstrated that polyisocyanate helicity can be controlled by 

attachment to a unidirectional 4-state rotary molecular motor (Figure 2d). Controlled 
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switching from one state to another using heat and light allows selection of either the M or P-

helical sense or a racemic mixture of helicies.54,55 On a smaller scale, a unidirectional motor 

has been used to control the conformation of a double helix constructed from oligobipyridyl 

ligands and metal ions.56 These examples use light as a control element: this is a non-

invasive source of chirality inversion with high spatial and temporal resolution compared to 

chemical methods. 

Together these studies reveal a coherent set of principles by which chiral information on the 

molecular level can be amplified to higher levels of assembly or transmitted through large 

molecules. Key challenges remain; rationally designing molecules capable of a desired 

conformational response is still difficult. Responsive materials that enable chiral signals to be 

transmitted or amplified can be expected to yield ‘smarter’ molecules capable of dynamic 

responses to environmental stimuli in the future. The non-invasive and reversible control of 

molecular conformation may mimic aspects of biological information processing such as 

signal transduction, and provide a valuable toolbox for the operation of future generations of 

synthetic molecular machines and synthetic biology.52,53  

[Figure 2 near here] 

Transmission of Chirality in Liquid Crystals and On Surfaces 

The transmission of chirality between molecules is enhanced in phases where a greater 

number of hierarchical interactions are present. Molecules assembled at surfaces or 

interfaces, or in liquid crystalline phases, show intriguing stereochemical phenomena 

throughout the ordered phase, providing additional mechanisms for information transfer.  

Liquid Crystalline Materials 

The combination of dynamic, fluid properties with a high degree of organisation renders 

liquid crystals (LCs) highly sensitive to external stimuli and dopants. The higher degree of 

order in LCs compared to the solution phase can enhance the fidelity of chiral transmission, 

allow long-range order to be induced, and give rise to dynamic and responsive materials. 
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Chirality in LCs may arise at the global level in the transition from a nematic phase to a chiral 

nematic phase by using either chiral monomers, physical confinement of the alignment 

layers, or chiral dopants (Figure 3a).57 The chirality of LC phases has been covered in 

excellent reviews,16,58,59 including formation of conglomerate phases and SS type behavior 

where a chiral dopant induces a single homochiral LC domain.60 

[Figure 3 near here]  

Interconverting polyisocyanate helices can form a lyotropic (solvent-solute) LC phase where 

chiral dopants non-covalently impart a slight screw-sense preference. The preference is 

amplified by the liquid crystal matrix itself: helices containing screw-sense inversion nodes 

are disfavoured within the LC, resulting in helices that exhibit a single screw sense 

throughout their entire length.61,62 The higher order of the LC phase also allowed Green and 

co-workers to explore ‘chiral conflict’,63 where polymers substituted with different chiral side 

chains compete for control of the global helical screw-sense preference. Since the 

competing structures are not enantiomers, the energetic preferences for a particular helix 

handedness are not equal in magnitude and vary with temperature. In an LC matrix, this 

allows the formation of thermally-switchable chiral nematic phases. 

The inclusion of chiral photoswitches as ‘sergeants’ to direct otherwise achiral nematic LC 

phases in response to irradiation is an increasingly powerful approach, with manipulation of 

both helical sense and director orientation being possible.64 

A remarkable demonstration of LC photoswitching being harnessed to do mechanical work 

was reported by Feringa and co-workers in 2006.65 On doping a liquid crystal with a light-

driven molecular motor, the liquid crystal texture undergoes dynamic rearrangement upon 

irradiation. The unidirectional motion of the chiral motor is transmitted and amplified via the 

LC phase and used to rotate a glass rod, which is 10,000 times larger than the motor itself.  

Katsonis and co-workers reported macroscopic helical deformations using a design strategy 

where molecular movement within chiral LC materials is translated across length scales 
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(Figure 3b). These form the basis of macroscopically functional materials and can mimic 

mechanisms of movement seen in plants.66 Nematic LCs polymerised to form soft 

elastomeric materials and containing a chiral dopant selectively form right- or left-handed 

domains, which display strong coupling between orientational order and mechanical strain. 

Incorporation of photoswitchable azobenzene molecules into the network allows the LC 

order to be disrupted on irradiation with light and results in shape changes at the 

macroscopic level by the anisotropic deformation of the whole material. Light-induced 

shrinkage occurs primarily along one face of the helix, while expansion occurs along the 

other. Three sources of asymmetry, both at the molecular and macroscopic levels, contribute 

to shape generation and actuation: 1) the absolute sense of twistedness of monomers in the 

cell, 2) a polymer density gradient formed during polymerisation because the LC cell is 

irradiated from one side and 3) the angle at which the ribbon is cut. Ribbons cut from the film 

curl into a variety of chiral and achiral shapes, and different shapes exhibit different 

mechanical movements when irradiated. 

The integration of functional molecules into higher order materials such as liquid crystals 

enables the ability to perform work at the macroscopic level using nano-scale building 

blocks. It appears clear that a sense of asymmetry is vital to such operations, but the 

asymmetry does not necessarily need to derive from the use of chiral building blocks. For 

example, the microfibrication process itself can be used to produce functional mirror image 

LC elastomers.67 Harnessing the harmonised motion of nano-scale machines has been long 

anticipated and sets the stage for advances in artificial muscles, microfluidics and soft 

robotics and undoubtedly additional future architectures which can mimic biological systems 

and materials that are not yet even anticipated.10–12 

Chiral Transmission at Interfaces and On Surfaces 

The presence of an interface changes the behavior of adsorbed molecules by altering 

intermolecular interactions. Confinement to a two-dimensional surface can also break the 

symmetry of achiral structures, rendering them chiral.68 The analysis of molecules 
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assembled at surfaces can be more complex than in solution; in particular, circular dichroism 

spectroscopy can be confounded by artefacts, complicating analysis. In contrast to 

crystallisation in three dimensions, the formation of homochiral (conglomerate) domains 

rather than heterochiral (racemic) domains is more common during two-dimensional 

assembly on account of the reduced number of symmetry elements present.58 The study of 

self-assembly at interfaces and surfaces can aid our understanding of three-dimensional 

crystals and crystallisation processes69 and can be used for the synthesis of otherwise 

difficult-to-obtain chiral materials, such as in the synthesis of homochiral graphene 

nanoribbons.70  

Direct analogues of the SS effect have been observed in two-dimensional assemblies, using 

mechanisms analogous to those seen in polymers and LCs.71,72 However at surfaces, both 

SS and MR effects can be obtained via different mechanisms to those discussed above.73,74 

For example, racemic heptahelicene can exhibit a MR-like effect that relies on the 

sequestration of the major enantiomer into an amorphous domain. Racemic heptahelicene 

does not undergo spontaneous resolution on a Cu(111) surface, but forms a 1:1 mixture of 

two enantiomorphic domains (λ and ρ). Each contains a racemic mixture of helicenes 

(Figure 3c).74 Deposition of scalemic helicene results in strong chiral amplification, giving a 

single enantiomorph when ee > 8%. This arises because the excess major enantiomer forms 

an amorphous residual domain, and the interactions of edges of this domain with edges of 

the λ and ρ domains are diastereomeric to one another. This small chiral bias at the 

interface of the λ or ρ domain enforces the local adoption of a single domain, which is 

amplified across hundreds of nanometres. 

As well as acting as a simple boundary, the surface itself may be rendered chiral. In the 

adsorption of aspartic acid to an achiral Cu(III) surface, small enantiomeric excesses in the 

gas phase gave higher levels of enantiomeric enrichment in the adsorbate. It was tentatively 

proposed that this effect originates from the preferential formation of homochiral clusters, but 

may derive from chiral imprinting of the surface.75 Chiral imprinting involves the reordering of 
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the surface via binding of chiral molecules. This creates new diastereomeric interactions and 

is expected to induce non-linear effects.76–79 Similarly, deposition on a surface with inherent 

chirality has been explored in ‘chiral surface explosions’, where autocatalytic and 

enantioselective mechanisms operate to amplify chirality.80 

 

 

Transmission of Chirality in Nanoscale Architectures 

The emergence of chirality in nanoparticles and related nanoscale materials is less 

established than in traditional organic systems, but the same core principles described 

above should be applicable to their development. At present the SS and MR effects, so 

powerful in the development of switchable polymers and LCs, are less well known in 

nanoparticle assemblies. Their application in this area would open new possibilities for the 

development of dynamic, responsive inorganic materials. 

The basic geometric requirements for chirality are the same in nanoparticles as in molecular 

systems. Commonly, individual nanoparticles are rendered chiral by the configuration or 

arrangement of ligands at the nanoparticle surface.81–83 It is also possible for nanoparticles to 

have intrinsic chirality associated with the core. This may be induced by chiral ligands: 

graphitic materials, for example, can adopt a chiral buckled shape when bound to chiral 

ligands.84,85 Much like 2D metal surfaces, metal nanoparticles can be ‘imprinted’ by a chiral 

molecular template.86 Atomically well-defined metal clusters can have chiral configurations 

without any need for chiral ligands.87,88 Similarly, nanoparticles can crystallise in chiral 

symmetry groups, in direct analogy to macroscopically chiral crystals.89 As with macroscopic 

crystals, a source of chirality is required to induce an ee.  

Both chiral and achiral nanoparticles can assemble into globally chiral structures. While 

intrinsic global conformational preferences are known,82,83,90 it is far more common to use a 
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template or scaffold.86,91 Templates can impart a wide variety of geometries to nanoparticle 

assemblies and commonly provide both a conformational preference and a bias towards one 

enantiomorph. Templates include supramolecular structures,92,93 chiral fields such as liquid 

crystals,94,95 and macromolecules such as proteins and polynucleotides (Figure 4c).96–101 

Through these methods we can access not only helices92–96,98,100–103 but also 

tetrahedral97,99,104,105 and more complex geometries.106,107 

Conversely, nanoscale materials can be used to template the synthesis of macroscopic 

chiral materials. MacLachlan and co-workers have used nanocrystalline cellulose (Figure 4a) 

to template formation of mesoporous silica films.108 Nanocrystalline cellulose self-assembles 

into a chiral nematic phase which imprints long-range chiral structure onto silica, ultimately 

transferring molecular chirality from D-glucose monomers to the global structure of an 

inorganic chiral material. The resultant silica can in turn be used as a template to direct the 

assembly of silver nanoparticles into chiral supramolecular structures.109  

[Figure 4 near here] 

More exotic sources of chiral bias have been used to direct the self-assembly of chiral 

inorganic materials. Kotov and coworkers have explored the self-assembly of 

superconducting quantum dots into macroscopically chiral ribbons.82 Tetrahedral CdTe 

semiconductor nanoparticles capped with achiral ligands are chiral due to different 

truncations of the nanoparticle at each vertex. In a system in which light is the control 

element, the left-handed nanoparticles absorb left-handed circularly polarised light more 

effectively than do right-handed nanoparticles (and vice-versa). Consequently the ligands of 

one enantiomorph of the nanoparticles can be selectively photooxidised. The subsequent 

self-assembly of the ligand-free nanoparticles into helical nanoribbons is sensitive to the 

anisotropy of nanoparticle interactions and there is a strong screw-sense preference. Light 

absorption for nanoparticles of one handedness is therefore translated to chirality on the 

mesoscale with significant enantiomeric excess (Figure 4d).110 
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Kotov et al. have also reported a ‘top-down’ approach to producing global chirality in 

nanoparticle assemblies.111 Working with achiral layered poly(dimethylsiloxane) coated in 

nanoparticles they found several materials which exhibit chiroptical activity in response to 

macroscopic deformations (Figure 4b). Twisting the material prior to depositing the 

nanoparticles imparts long-range chiral order to the pattern of deposited particles when the 

material is untwisted: the material ‘remembers’ the macroscopic stimulus. Further, the 

memory of long-range order and macroscopic deformations can be reversibly exaggerated 

by stretching the material. 

Magnetic fields can be used to direct the assembly of nanoparticles,91 and under the correct 

conditions can produce chiral structures. Singh et al. reported the assembly of magnetic 

nanoparticles into enantiomorphic helices in the presence of a magnetic field.90 Careful 

tuning of the experimental conditions led to the formation of long-range (1 mm2) single-

enantiomorph domains containing helices of only one screw sense, albeit with short 

stretches of helical inversion. The screw sense obtained varied randomly between 

experiments, as is seen in crystalline systems, suggesting a high fidelity of chiral 

transmission between helical assemblies. 

Vortices, a source of ‘false chirality’, can induce chirality in graphene oxide aggregates. The 

handedness of the mechanical vortex in turn can be transferred to other molecules, such as 

porphyrin derivatives that associate with graphene oxide through non-covalent interactions 

to induce measurable CD signals. Stirred solutions of graphene oxide could also be 

deposited on quartz to capture the transient, vortex-induced chirality of graphene oxide 

assemblies, providing an unusual route to chiral nanomaterials.112 

As with organic polymers, developing environmentally responsive and switchable materials 

is a priority in this field.91 Light is a pervasive control element: an approach reported by Liu 

and co-workers involves photoswitching between chiroptically active and inactive states in 

gold nanorods. By functionalising a DNA scaffold with azobenzene-modified 
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oligonucleotides, the scaffold can be switched between ‘locked’ and ‘unlocked’ states and 

amplifies azobenzene isomerisation, with a molecular length change of ~ 3.5 Å, to the large 

scale movement of the entire scaffold of ~ 30 nm.113 Furthermore, the same group has 

harnessed the chemistry and chirality of the DNA template to give rise to motor-like 

behaviour. Here, the sequential addition and removal of individual DNA strands acts as a 

chemical fuel for the directional motion of a gold nanorod assembly.114 Inspired by 

comparisons to the motors of biology, which are powered by chemical gradients or ATP 

hydrolysis, the production and refinement of chemically-driven motors remains an exciting, 

but very challenging, field.12 

The study of chiral nanoparticles and their assemblies is young compared to the study of 

organic systems.91 In contrast to polymeric systems, the dominant approach to chiral 

nanoparticle assemblies seems to be the use of chiral templates to direct assembly rather 

than self-organisation based on intrinsic conformational preferences. As more examples of 

dynamic, environmentally responsive chiral nanoparticle assemblies emerge we can expect 

to see new materials with functions inaccessible to purely organic systems.  

Conclusion and outlook 

Chirality is a natural phenomenon and there is little question of its importance to chemistry, 

but understanding how chiral species interact and assemble is increasingly important to 

problems in biology, materials science and physics as well. Our survey of how chirality may 

be transmitted through space and across length scales reveals that stereochemistry 

continues to be a rich and dynamic subject at the heart of the physical sciences.  

The development of dynamic and kinetically controlled systems which rely on an element of 

asymmetry are increasingly important. Exquisite control can be achieved in the use of light-

controlled molecular motors and switches within purely organic materials. In contrast, the 

study of chiral nanoparticles and their assemblies is young; dynamic behavior in 

architectures at this scale is perhaps the next frontier, and would offer function that is simply 
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inaccessible otherwise. We need new tools to produce and study such systems, allowing 

time-resolved analysis of chiral materials on both the ensemble and single-particle levels.     

Before we can access highly dynamic structures, the principles of chiral transmission must 

be established. We have good understanding of the chirality of organic molecules and, to a 

large extent, their assemblies across various architectures. An increased understanding of 

how the intrinsic, ‘local’ chirality of nanoscale species can be translated into their chiral 

assemblies, their ‘global’ or even ‘macroscopic’ chirality would be most valuable and could 

serve as the basis of new understanding and the discovery of new mechanisms and 

materials. 
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Figure legends 

Figure 1 Types of chirality. a) Molecular or local chirality: cysteine features a carbon centre 

with four different attached groups. b) Axial or helical chirality where molecules are chiral by 

restricted rotation about an axis. c) Supramolecular structures or polymeric assemblies may 

also be chiral. Illustrated here is the formation of helical rosette nanotubes, from achiral 

monomers,115 and a DNA helix. d) Macroscopic chirality in plant tendrils and carbon 

microcoils.116 e-f) Diastereomeric interactions: two enantiomers are energetically equivalent 

in an achiral environment, as illustrated by the enantiomeric pairs of a tetrahedron and a 

helix (e and f). In a chiral environment, represented by reaction with a chiral species above 

the arrow, the two enantiomers are no longer equivalent. The interaction produces 

diastereomers which have different energies, and different chemical and physical properties. 

g) A 50:50 mixture of two helices may form different aggregates which are diastereotopic 

and different in energy. Represented is a lower energy conglomerate (right), which 

preferentially forms two homochiral domains (like species preferentially interact) over 

heterochiral domains (left, where enantiomeric pairs form). The opposite preference 

(heterochiral over homochiral) may also be observed and which (if either) is favoured will 

depend on the chemical system.   

Figure 2 Mechanisms of transmission. a) Amplification of chirality: polyisocynates 

preferentially adopt helical conformations in solution. The handedness of the helix can be 

biased by the introduction of a chiral element in the monomers, as shown here with 
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deuterium substitution.29 Meijer and co-workers have established a similar effect in 

supramolecular helices made up of stacked chiral monomers, though the effect is weaker 

than in the covalent case.30 b) “Sergeants and Soldiers” and “Majority Rules” effects can 

dictate the overall supramolecular conformation of helical structures, and these same 

concepts are useful in non-covalent systems, liquid crystals, on surfaces, and in larger three-

dimensional structures. c) Transmission of chiral information through space: in an oligomer 

composed of achiral building blocks, chiral residues at the helix terminus induce 

diastereoselectivity in a reaction about 4 nm away.48 d) A molecular motor at the terminus of 

a polyisocyanate chain can selectively control helix handedness by switching states.54 

Figure 3 Transmission in ordered assemblies. a) In the nematic phase of a liquid crystal 

all molecules are aligned along a director. In a chiral nematic phase there is an additional 

degree of ordering by a helical twist along an axis perpendicular to the director. b) Helical 

deformations: Katsonis and co-workers demonstrated that a polymeric chiral liquid crystal 

network cut at different angles gave various helical ribbons. The network incorporates 

azobenzene photo-switches, which upon irradiation disturb the LC structure and cause 

macroscopic deformations of the helices.66 c) Majority rules on a surface: Chiral helicene 

molecules pack into enantiomorphous domains (red and yellow domains, λ and ρ). The use 

of scalemic helicene results in a strong chiral amplification, where the major enantiomer 

dictates which enantiomorphous domain is adopted and transmits this preference across the 

whole surface.74  

Figure 4 Transmission of chirality in nanomaterials: a) Nanocrystalline cellulose (NCC) 

displays chiral nematic ordering with a helical half pitch P/2 of ~ 150 – 650 nm. A polarised 

optical microscopy image of its suspension with a silica precursor shows macroscopic helical 

chirality, templated from the NCC.108 The solid state chiral nematic ordering of chitin is 

responsible for the iridescence of beetle exoskeletons.117 b) Macroscopic deformations: A 

mechanically induced twist in poly(dimethylsiloxane) before deposition of Au nanoparticles 

results in chiroptical activity, reflecting the twist, in the NP assembly.111 c) Chiral nanoparticle 
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assemblies: chirality may be expressed at the nanoparticle level via their assembly into 

chiral structures, commonly template by chiral macromolecules. Illustrated here are two 

prominent examples, arranging nanoparticles into helical or tetrahedral chiral shapes.96,97 d) 

Circularly polarised light directs nanoparticle assembly: nanoparticles rendered chiral by 

their truncated tetrahedral shape show different efficiency for the absorption of circularly 

polarised light. One handedness of the nanoparticles is therefore preferentially 

photooxidised and undergoes a subsequent self-assembly to a single handed helical 

ribbon.110 

 

 

27 
 


