
Chirality is a fundamental symmetry property of elemen-
tal particles, molecules or even macroscopic objects such 
as human hands. Objects are defined as chiral if they 
exist as a pair of ‘left-handed’ and ‘right-handed’ mirror 
images that cannot be superimposed (BOX 1); these are 
known as enantiomers in the nomenclature of chemistry. 
Importantly, such enantiomeric forms cannot generally 
be differentiated by their physical properties: the chiral  
handedness only becomes evident when one chiral object 
interacts with another chiral object. Just as using your 
right hand to shake either the right hand (a homochiral 
interaction) or the left hand (a heterochiral interaction) 
of another person will lead to different results, the inter-
action of a chiral molecule with another chiral molecule 
and/or object will be sensitive to the stereochemistry of the 
interacting partners.

Small-molecule chirality has long fascinated chemists 
and provided an intellectually challenging exercise for 
selective chemical synthesis and catalysis. The value of 
the chiral products generated from such endeavours is 
well recognized in biologically relevant application areas 
(for example, drug and fragrance discovery, and chemi-
cal biology). Nature has evolved with a single handedness 
(known as homochirality), and thus biological processes 
are inherently chiral. Therefore, when designing a ligand 
(for example, a drug) for a biological receptor (for exam-
ple, a drug target), chirality is often used to tune the nature 
(for example, the specificity) of the interaction1. As such 
interactions ultimately control and/or perturb down-
stream biological function, the importance of chirality in 
a biological context is abundantly clear. Although many 

case studies could be cited to support this statement, the 
chirality of the naturally occurring terpenoid carvone pro-
vides a fragrant example: one enantiomer of carvone (the 
(R)-enantiomer as defined using the Cahn–Ingold–Prelog 
(CIP) priority rules) smells like spearmint, whereas the 
opposite (S)-enantiomer smells like caraway seeds, owing 
to chiral recognition at the human olfactory receptors2.

Despite the significant biological precedent, 
small-molecule chirality has not generally been a key 
design feature for the development of new materials for 
mainstream technological applications. This is surpris-
ing as the first liquid crystalline phase to be observed 
— which is now used in many liquid crystalline display 
technologies — was a chiral phase based on a chiral cho-
lesterol organic small molecule3. In many cases, chirality 
has not been a requirement to achieve desired function 
and thus may have been regarded as more of an incon-
venience. The synthesis, separation and bulk assembly 
of chiral materials add complexity to a process and thus 
may have been avoided when there is little perceived 
added value. New approaches to design novel materi-
als that take chirality into account are now emerging, 
which is leading to new functionality in technological 
applications. These new applications often go beyond 
exploiting the interactions between two different chiral 
molecules — the mechanism underlying chiral bio-
logical recognition processes and sensors (BOX 2) — and 
include organization dependent on chiral composition, 
circularly polarized (CP) light and the spin of moving elec-
trons (spintronics). This Review aims to showcase the 
exciting new approaches and technological applications 
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Chirality
The geometric property of an 
object (or spatial arrangement 
of points or atoms) of being 
non-superimposable on its 
mirror image; such an object 
has no mirror plane, centre 
of inversion or rotation–
reflection axis. If the object is 
superimposable on its mirror 
image the object is achiral 
(non-chiral).

Enantiomers
A pair of molecular entities 
that are non-superimposable 
mirror images of each other.

The added value of small-molecule 
chirality in technological applications
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Abstract | Chirality is a fundamental symmetry property; chiral objects, such as chiral small 
molecules, exist as a pair of non-superimposable mirror images. Although small-molecule 
chirality is routinely considered in biologically focused application areas (such as drug discovery 
and chemical biology), other areas of scientific development have not considered small-molecule 
chirality to be central to their approach. In this Review, we highlight recent research in which 
chirality has enabled advancement in technological applications. We showcase examples in 
which the presence of small-molecule chirality is exploited in ways beyond the simple interaction 
of two different chiral molecules; this can enable the detection and emission of chiral light, help 
to control molecular motion, or provide a means to control electron spin and bulk charge 
transport. Thus, we demonstrate that small-molecule chirality is a highly promising avenue for a 
wide range of technologically oriented scientific endeavours.
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Stereochemistry
A subdiscipline of chemistry 
that involves the study and 
manipulation of the relative 
spatial arrangement of atoms 
that form the structure of 
molecules.

Cahn–Ingold–Prelog (CIP) 
priority rules
The CIP priority rules are a set 
of rules to unequivocally name 
a stereogenic element within a 
molecule. CIP rules are used  
to assign an R or S descriptor to 
stereocentres (and other 
stereogenic elements) and an  
E or Z descriptor to double 
bonds.

Chiral composition
A chiral mixture that differs in 
the ratio of enantiomers (known 
as the enantiomeric ratio). 
Example chiral compositions 
include racemates, 
enantiopure substances or 
scalemic mixtures (see further 
definitions for each of these 
terms).

Circularly polarized (CP) light
Circular polarization of an 
electromagnetic wave is a 
polarization state in which the 
electric field of the passing 
wave does not change strength 
but only changes direction in a 
rotary manner. Circularly 
polarized light is chiral and  
can be left- or right-handed.

being realized through the design and study of chiral 
small molecules.

We emphasize that this article presents something of a 
personal viewpoint, rather than a comprehensive review, 
in which we select representative examples to showcase 
some of the areas in which we believe small-molecule 
chirality can have, and has had, an impact on advances 
in technology. We acknowledge that both the terms 
‘small molecule’ and ‘technological applications’ are 
used loosely, in an aim to not be prohibitively bound by 
terms that are open to interpretation. In part, we have 
elected to focus on chiral small molecules as we believe 
this differentiates the topic under discussion from alter-
native application-led accounts using other chiral mate-
rial sets — for example, polymers4,5, nanoparticles6, liquid 
crystals7, highly aggregating materials8, metal–organic 
frameworks (MOFs)9, plasmonic nanostructures10 and 
nanotubes11. However, limiting the discussion to small 
molecules is more than organizational: we believe that 
small molecules provide particularly exciting opportu-
nities with respect to other approaches. Indeed, through 
expert chemical synthesis, one can access small molecules 
in high purity as a single isomer and thoroughly inter-
rogate the molecular structure–property relationships 
through the synthesis and comparison of closely related 
derivatives. In turn, the identification of functionally 

important small molecules provides huge opportuni-
ties for methodological development in (asymmetric) 
synthesis and catalysis. Only through the development 
of flexible, efficient and scalable synthetic methods will 
suitable quantities of chiral small-molecule materials 
be available for further application-led study. Thus, 
the opportunities presented in this Review for techno-
logically relevant chiral small-molecule scaffolds could 
lead to them becoming as valid a target for synthetic  
chemists as biologically relevant chiral molecules.

Chiral light emission and detection
In CP light, the electric field of the wave has constant 
magnitude, but rotates at a constant rate in a plane 
perpendicular to its direction of travel. As such, the 
electric field vector of the wave (and a corresponding 
proportional magnetic field vector at 90° to the elec-
tric field vector) describes a helix along the direction of 
propa gation, which can be either right- or left-handed. 
CP light can be used in many areas of technology, 
including in optics and filters, in spectroscopy and to 
encode information. Thus, it is of great interest in areas 
as diverse as quantum computing12, 3D displays13 and 
bioresponsive imaging14.

Given the huge commercial growth and develop-
ment of organic light-emitting diode (OLED) displays, 

Box 1 | Chirality and examples of stereogenic elements in small molecules

The word chiral is derived from the Greek word for hand, and objects are described as chiral if they exist as a pair of 
non-superimposable mirror images (such as hands, part a). Perhaps owing to its abundance in biological systems, the point 
chirality of a tetrahedral centre (shown superimposed on the hands in part a) has traditionally dominated the study and 
synthesis of chiral small molecules. However, the sp3 hybridization 
of a carbon atom with point chirality breaks electronic 
conjugation through π electrons, thus decoupling the source of 
chirality from the conjugated system. There are many potential 
alternative stereogenic elements in small molecules that could 
induce chirality in conjugated systems and, as such, may prove to 
be more suitable for technological applications. Examples (shown 
in part b) include molecular frameworks in which the chirality may 
arise from axial chirality; helicity or curvature (for example, 
helical, propeller or inherent chirality); or the desymmetrization 
of planar systems (for example, mechanical or planar chirality).

Inherent figure (right) in part b is adapted with permission from REF. 93, Macmillan Publishers Limited. Mechanical figure in part b is 
adapted with permission from REF. 94, Royal Society of Chemistry.
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Dissymmetry factor
(g factor). A measure of the 
dissymmetry between the left- 
and right-handed components 
of circularly polarized light; it is 
defined as g = (IL − IR)/½(IL + IR), 
where IL and IR are the 
absorption or emission 
intensities for left- and 
right-handed polarized light, 
respectively. The parameter 
observed is denoted as a 
subscript: for example, 
absorption (gabs), 
photoluminescence (gPL) or 
electroluminescence (gEL).

Enantiopure
A substance that consists of a 
single enantiomer, within the 
limit of detection.

one area of significant potential in CP light technolo-
gies is the development of OLEDs in which the electro-
luminescence is directly circularly polarized (so called 
CP-OLEDs; FIG. 1) — something that is only possible 
from a chiral emissive state. Antiglare filters commonly 
used for OLED displays exploit the physics of CP light to 
eliminate glare from external light sources (for example, 
sunlight), but in the process remove approximately 50% 
of the nonpolarized light emitted from the OLED pixel15. 
If the nonpolarized OLEDs were to be replaced with 
CP-OLEDs (with a comparable device performance), the 
CP light component of the correct handedness would 
pass through the antiglare filter, increasing the energy 
efficiency of the display in proportion to the increasing 
dissymmetry of the light.

Attempts to generate direct CP electroluminescence 
from fluorescent OLEDs have been dominated by the 
use of polymers or oligomers that bear chiral pendant 
alkyl side chains16 (FIG. 1a). Intense optimization of these 
chiral fluorescent materials led to impressive dissymmetry 
factor (g) values, with electroluminescence dissymmetry 
|gEL| values of up to 0.35; this is thought to result from 
the formation of (helical) cholesteric stacks on top of 
device alignment layers17. An alternative approach would 
be to use a chiral additive in a polymer blend material, 
in which the chiral additive induces chiral emission 
from the polymer. In principle, this approach would be  
of much interest as it would allow for the existing range of 

device-optimized but non-chiral fluorescent polymeric 
materials to be used, thus allowing for direct incorpora-
tion of the methodology into existing production lines. 
To date, such additive approaches have mostly been lim-
ited to the solution phase. Although translation into the 
solid state has been rare18, it was achieved in 2013 by 
Fuchter, Campbell and co-workers19 through the addi-
tion of an enantiopure helicene additive (FIG. 1b) to the 
well-established non-chiral polymer F8BT. Although 
the origin of the effect is yet to be fully determined, CP 
electroluminescence from the polymer was shown to be 
induced by the chiral helicene additive, with |gEL| values 
of up to 0.2. A CP-OLED with a g factor of 0.2 would 
result in a 10% increase in efficiency relative to a com-
parable nonpolarized light source when used in a display 
with a common antiglare filter15.

Owing to spin statistics, OLEDs produce excited 
states of singlet and triplet multiplicity in an approx-
imate 1:3 ratio20. For fluorescent materials, only the  
singlet states can emit light, which limits their maxi-
mum internal quantum efficiency to 25%21. Higher 
quantum efficiencies are possible by harnessing 
the 75% triplet energy through radiative relaxation 
(phospho rescence), which is usually accomplished by 
exploiting the strong spin–orbit coupling of emissive 
metal dopants, such as iridium or platinum. Chiral 
complexes of such metals are capable of CP phospho-
rescence; however, it has been difficult to develop CP 
phosphorescent OLEDs (CP-PHOLEDs) that combine 
high dissymmetry factors with high luminance and 
efficiencies22. The first CP-PHOLED, reported by Di 
Bari and co-workers23, achieved very high |gEL| factors 
of 0.09–0.15 and 0.73–0.79 through the use of a chiral 
europium(iii) complex (FIG. 1c) as the dopant; this com-
plex exhibits an exceptional solution-phase gPL of 1.38. 
Large solution-phase dissymmetry factors are typical 
for lanthanide complexes24 and far exceed the values 
accessible with small organic molecules (which have gPL 
values of approximately 10−3–10−2)25. The authors noted 
an interesting effect in their studies: increased cathode 
thickness (and thus increased reflectivity) had a nega-
tive impact on the emission dissymmetry. This effect 
was explained in later work through two phenomena: 
the inversion of circular polarization upon reflection 
at the cathode and the attenuation of light travelling 
through the device, based on the recombination zone 
position (see FIG. 1e for a schematic representation)26. 
Ultimately, Di Bari and co-workers were able to increase 
the |gEL| of their CP-PHOLED up to a remarkable value 
of 1.0 at 595 nm; however, the comparatively weak 
emission from the chiral lanthanide complex limits 
the external quantum efficiency that can be achieved 
using this approach. In an alternative approach using 
a helical platinum(ii) complex developed by Crassous, 
Autschbach, and Reáu27 (FIG. 1d), Fuchter, Campbell and 
co-workers15 managed to combine display-level bright-
ness with a |gEL| value of up to 0.38. Intriguingly, the |gEL| 
of the chiral platinum(ii) complex exceeds the solution 
|gPL| by one order of magnitude28, and in contrast to Di 
Bari’s system it would appear that the reflectivity of the 
cathode (as shown in FIG. 1e) is less important.

Box 2 | Chiral recognition for sensing applications

The specificity of chiral recognition should allow for the direct sensing of chiral analytes 
by chiral materials in simple sensors or devices. By means of an example, methods for 
the determination of the enantiomeric ratio (chiral purity) for chiral substances have 
traditionally been dominated by chromatographic techniques (such as 
high-performance liquid chromatography (HPLC) and gas chromatography) using a 
chiral stationary phase, NMR using chiral shift or derivatizing agents (for example, 
Mosher’s acid), or chiroptical techniques. Devices that can directly determine the 
enantiomeric ratio of a mixture in real time would be a valuable addition to the existing 
methods, owing to their potential application for in-line and point-of-care analysis, or 
in field studies. The basic principle for these devices is fairly similar to those for the 
established methods above: a sensor device (based on, for example, 
electrochemical88,89, gravimetric, electrical or optical measurements90,91) is fitted with a 
chiral discriminator that differentiates enantiomeric analytes through the formation of 
diastereomeric complexes. If the difference between the binding constants for these 
complexes is sufficiently large and the total concentration of analyte is known, the 
enantiomeric ratio can be calculated from the readout. However, this method faces a 
significant challenge compared with chromatographic separations: although a single 
interaction determines the selectivity of a device, chiral chromatography can use many 
consecutive interactions in the form of theoretical plates. The sum of these interactions 
can amplify even very small energetic differences between diastereomeric complexes. 
Thus, sensor devices cannot yet routinely replace the highly optimized HPLC separation 
methods that are currently available89.

Chiral sensor devices were comprehensively reviewed by Torsi and co-workers90 in 
2013. Deng, Yao, Wei and co-workers92 later reported an interesting enantioselective 
vapour detector method. The addition of the (R)- or (S)-enantiomer of camphorsulfonic 
acid as a chiral small-molecule dopant to the conducting but non-chiral polyaniline 
polymer resulted in the formation of superhelical microfibres with very strong circular 
dichroism of approximately 1,000 mdeg. Devices assembled from left-handed fibres 
showed a greater increase in resistance when exposed to 250–1,000 ppm of 
(S)-2-aminohexane compared with the (R)-enantiomer at identical concentrations. 
Conversely, right-handed fibres showed a greater increase in resistance when exposed 
to the (R)-enantiomer compared with the (S)-enantiomer.
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Chiroptical
A term referring to the optical 
techniques (using refraction, 
absorption or emission of 
anisotropic radiation) for 
investigating chiral substances 
(for example, measurements of 
optical rotation at a fixed 
wavelength, optical rotatory 
dispersion, electronic circular 
dichroism and circular 
polarization of luminescence).

The left- or right-handed components of CP light 
can be measured using a photodetector fitted with a 
correctly aligned quarter-wave plate and linear polar-
izer15; therefore, CP light detectors can be simply engi-
neered. The direct detection and differentiation of CP 
light by a (necessarily chiral) chromophore, in the con-
text of a device, is an interesting alternative approach 
for CP light detection. Although solution-based 
approaches, in particular using chiroptical switches29 
(see below for more on optical switches), that detect 
and differentiate CP light have been reported, there 
has been limited translation to the solid state. Similar 
to the polymers used in fluorescent CP-OLEDs, the 
first device for the direct detection of CP light was 
a photodiode that used a poly(fluorene) copolymer  
with chiral alkyl substituents30. The diode, reported by 
Meskers and co-workers, displayed different photo-
currents upon irradiation with left- or right-handed 
CP light, and the authors developed a detailed optical 
model to account for a surprising inversion of g-factor 
sign at higher film thicknesses. The first small-molecule  
approach was reported by Fuchter, Campbell and 
co-workers, who fabricated organic field-effect transistors 

(OFETs) from an enantiopure helicene31. These devices 
showed a tenfold higher drain current upon exposure to 
CP light of the correct handedness, compared with no 
light or light of the opposite handedness (FIG. 1f). In addi-
tion, the effect displayed fast and reversible on–off switch-
ing on the timescale of a few milliseconds. In theory,  
the use of a transistor architecture for such a CP light 
detector should allow for integration of this approach 
into CP-dependent electronic circuits. Finally, we note 
that spintronic devices (discussed further below) could 
be used as CP light detectors, although this has not been 
the central application of interest for such devices.

Optical switches and molecular machines
The ability of a molecular system to switch between two 
(or more) stable states in response to a stimulus is a central 
feature of many molecules applied in technological appli-
cations. If each stable state possesses sufficiently different 
properties (for example, optical or electrochemical), the 
measurement of these properties can serve as a readout 
for the state in which the molecule is in. The develop-
ment of high-performance molecular switches based on 
these principles will be necessary for the construction 

Figure 1 | Direct emission and detection of CP light. Examples of chiral materials used in the production of organic 
light-emitting diodes that emit circularly polarized light (CP-OLEDs): chiral fluorescent polymers17 (part a), a helicene19 
(part b) and chiral phosphorescent dopants (parts c and d)15,23. A schematic representation of the Di Bari model for the 
influence of cathode reflectance and recombination zone (RZ) position on the dissymmetry factor |gEL| of circularly 
polarized electroluminescence is shown in part e; as the light handedness is reversed upon reflection, a lower cathode 
reflectance leads to a higher ratio of directly emitted light (as opposed to reflected light) and thus to a higher observed 
|gEL|. Similarly, |gEL| can be increased by moving the RZ closer to the anode, which lengthens the distance that the reflected 
light has to travel and thus increases its attenuation.31 IR and IL are the intensities of the right- and left-handed polarized 
light. An illustration of an organic transistor fabricated from a chiral helicene film is shown in part f; the device that uses 
the left-handed helicence semiconductor displays a tenfold current increase at the region of the turn-on voltage when 
exposed to left-handed CP light, compared with no light or right-handed CP light. When the right-handed helicene 
enantiomer is used, the device responds to right-handed light26. Part e is adapted with permission from REF. 26, 
Wiley-VCH. Part f is adapted with permission from REF. 31, Macmillan Publishers Limited.
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Stereogenic elements
Groupings within molecular 
entities that give rise to 
stereoisomerism. Some 
stereogenic elements can be 
interconverted between the 
two possible configurations in a 
selective (that is, stereospecific) 
or unselective manner (for 
example, racemization) upon 
exposure to stimuli such as 
light, heat or chemical 
reagents. For the purpose of 
this Review, we differentiate 
between stereogenic elements 
that can interconvert under the 
selected conditions (labile) and 
those that cannot (stable).

Stereoisomers
Isomers that differ in the 
spatial arrangement of atoms 
without any differences in 
connectivity or bond 
multiplicity. Enantiomers and 
diastereoisomers are examples 
of stereoisomers.

Diastereoisomers
Stereoisomers that are not 
related as mirror images. 
Diastereoisomers are 
characterized by differences in 
physical properties and by 
some differences in chemical 
behaviour.

Meso isomers
Achiral members of a series of 
diastereoisomers in which at 
least one isomer is chiral.

of molecular logic gates and memory devices, which is 
crucial to achieve molecular-scale electronics32. Chiral 
molecular switches allow the chirality of CP light to 
be exploited as an additional parameter, either as the 
stimulus or as the readout mechanism. Switches with 
a chiroptical readout have been shown to change their 
chiro ptical properties upon exposure to a range of stim-
uli, including pH, electrochemical potential or light29. For 
technological applications, switching induced by changes 
in electrochemical potential (redox switching) is of great 
interest, and, in part owing to their exceptionally strong 
chiroptical properties, many recent studies have focused 
on helicene-based chiroptical switches33. Typically, such 
switches function via simple, reversible redox reactions 
with little or no significant structural change of the heli-
cene. The redox properties can be tuned through changes 
in the helicene structure or substitution, or through the 
inclusion of redox active metallic centres. One particu-
larly exciting example of such chiroptical switches is an 
organometallic iron helicene reported by Crassous and 
Autschbach34 (FIG. 2a). Upon oxidation of the iron cen-
tres, this system undergoes a significant change in sign 
of the molar optical rotation at a wavelength of 1.54 μm, 
which is reversed upon reduction. Such long wavelengths 
are in a spectral region suitable for telecommunication 
via fibre-optic cables, and the chiroptical nature of the 
signal would, in principle, allow for the transmission of 
encoded information. Therefore, such approaches hold 
much promise once further developed and validated in 
solid-state device prototypes.

In contrast to the simple molecular switches described 
above, molecules that undergo significant structural 
changes between their stable states can be used to con-
vert their molecular motion into macroscopic work, thus 
distinguishing them as molecular machines35. A range 
of potential applications have been, and continue to be, 
explored for such molecular machines35,36; however, the 
integration of such systems into real-world technologies 
is only at an early stage37. Although there are well-known 
examples of structural changes in molecular switch 
components, including the interconversion of double 
bond isomers (for example, as observed in the ubiqui-
tous azobenzenes38) or changes in helicity (for example, 
as observed in the cyclization of dithienylethenes39), any 
chirality present in such situations is often unimportant, 
irrelevant or overlooked. However, chirality has provided 
a basis for one of the most topical areas of molecular 
motion upon exposure to an external stimulus: the area of 
unidirectional rotary molecular motors, which constitutes 
part of the 2016 Nobel prize-winning field of molecular 
machines40. The research of one of the recipients of this 
award, Ben Feringa, has led to a range of unidirectional 
molecular motors that exploit chirality as a means to con-
trol motion. Whether the precise rotary axle consists of a 
crowded single or double bond, control of motion is most 
often provided by a molecular design that contains two 
stereogenic elements — one labile and one stable. As is well 
known, the combination of more than one stereogenic 
element into a molecule gives rise to a series of possible 
stereoisomers. For example, two stereogenic elements in 
a molecule will give rise to a maximum of four possible 

stereoisomers: two diastereoisomers, each of which can 
exist as two enantiomers (however, the total number of 
isomers may be lower than the theoretical maximum if 
meso isomers exist). Although enantiomers are energeti-
cally equivalent, diastereoisomers are not. Thus, the rotary 
motors designed by Feringa and co-workers often exploit 
diastereomeric energy differences to control the conform-
ational preference of a given state and then use an addi-
tional stimulus to switch between states. The sum of these 
events gives rise to unidirectional motion.

One recent example of such a motor exploits the sta-
ble point chirality of a sulfoxide group and the labile axial 
chirality of a biaryl single bond; this system demonstrates 
unidirectional rotary motion, powered by a chemical 
fuel41 (FIG. 2b). Although many stimuli, including electro-
chemical energy42, have been reported to drive synthetic 
molecular motors, those that operate through the con-
sumption of a chemical fuel41,43,44 represent an exciting 
advance in the field, given that the biological motors that 
often inspire such machines are powered by chemical 
energy. It should be noted however that although molec-
ular chirality can control unidirectional rotation and its 
translation into macroscopic work (see below), it is not 
an absolute requirement for unidirectional molecular 
motion, as demonstrated in an alternative design for a 
chemically fuelled rotary motor43. In this design, Leigh 
and co-workers report a small interlocked macrocyclic 
ring that is continuously transported in a single direc-
tion around a cyclic molecular track when powered by 
a chemical fuel (FIG. 2c). Although two chiral centres are 
present in this alternative motor design and a chiral cata-
lyst is used to power the motor, the authors demonstrate 
that it is not the chirality of the system that controls the 
unidirectional motion. However, we note that although 
such a design clearly does not require chirality to achieve 
unidirectional rotation, chirality should aid the trans-
lation of rotary molecular motion into macro scopic 
work. Chirality can facilitate the directional alignment of 
multi ple motors; for example, it can enable the rotation 
of a micrometre-sized glass rod45. It is hard to imagine 
how a comparable alignment of rotational direction 
could be achieved for non-chiral materials.

Control of spin
There is a close relationship between magnetism and chiral-
ity; for example, magnetic fields can influence the absorp-
tion of nonpolarized light by chiral molecules (known 
as magneto-chiral dichroism)46 or lead to enantiomer- 
dependent electrical resistance of chiral conduc-
tors (termed electrical magneto-chiral anisotropy)47. 
Intriguingly, the equation that governs electrical magneto- 
chiral anisotropy can also describe the interactions 
between chirality and electron spin47, which have been 
most thoroughly explored in relation to the field of spin-
tronics (spin transport electronics). In spintronics, the 
spin of the electron can be used in addition to the elec-
tronic charge as a degree of freedom to drive electronic 
switches or processes. The higher degree of freedom of an 
informational system that involves both charge and spin, 
together with the low energy required for spin flips, could 
lead to spintronic devices with higher power densities and 
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Figure 2 | Chiroptical switches and molecular machines. a | An iron alkynyl helicene that allows chiroptical switching at 
long wavelengths. Oxidation of the iron centres leads to a reversible inversion in the sign of the molar rotation at 1.54 μm, 
which could potentially allow the encoding of information at a wavelength suitable for telecommunication via transport 
in fibre-optic cables34. b | A chiral unidirectional molecular motor incorporating a rotating axle connecting two aryl rings41. 
One ring acts as a rotor, with a hydrogen atom in one ortho position and a bromine atom in the other. The other ring is a 
stator and has a (chiral) sulfoxide group in one ortho position and a fluorine atom in the other. The rotation cycle of the 
system begins with the rotor and stator perpendicular to each other. Addition of a palladium(ii) reagent, and the 
subsequent C–H cyclometallation chemistry, allows one ring to pass the other; this is followed by reductive cleavage of 
the palladacycle, which affords Pd(0) and allows the rings to relax to the alternative perpendicular arrangement.  
The addition of a phosphine ligand effects the oxidative addition of Pd(0) into the C–Br bond and another 90° rotation.  
The final 90° rotation occurs upon reductive elimination of the C–Br bond. Unidirectional rotation is governed by selective 
binding of the palladium centre to give diastereomeric metal complexes. c | A unidirectional molecular motor in which a 
small molecular ring moves between two hydrogen-bonding stations on a large ring (the track)43. The movement between 
the stations is blocked by bulky chemical 9-fluorenyl-methoxycarbonyl (Fmoc) groups — the ‘stop’ signal; removal of Fmoc 
allows the small ring to move between the stations — the ‘go’ signal (left). Although the smaller ring moves in a dynamic 
equilibrium between the stations, it is preferentially ratcheted to the second, more advanced position owing to steric 
interactions: attachment of the Fmoc group is faster when the moving ring is further away. Cleavage of the second Fmoc 
group then completes the rotation (right) and, combined with the ratcheting ‘go signal’, net unidirectional movement is 
achieved. Part b is adapted with permission from REF. 41 and REF. 44, Macmillan Publishers Limited. Part c is adapted with 
permission from REF. 44, Macmillan Publishers Limited.
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Racemates
Equimolar mixtures of 
enantiomer pairs.

improved processing speeds in addition to lower power 
consumption than conventional, purely charge-driven, 
semiconductor devices48,49. Organic materials are of par-
ticular interest in spintronic devices: the small spin–orbit 
coupling of organic molecules greatly increases the spin 
relaxation time compared with typical heavy-atom doped 
inorganic semiconductors, thus allowing long-range spin 
transport50,51. By contrast, the small spin–orbit coupling 
of organic materials means that they cannot generally be 
used for spin injection, which instead requires the use 
of ferromagnetic electrodes51,52. However, an exciting 
new opportunity to use chiral organic molecules for the  
creation of spin-polarized electrons without the use of mag-
nets was established through the seminal work of Naaman 
and co-workers in 2011 (REFS 53–56) (FIG. 3A). In the chiral- 
induced spin selectivity (CISS) effect49,57,58, chiral molecules  
can achieve spin filtering more than two orders of magni-
tude larger than would be expected, equivalent to a pseudo- 
magnetic field of hundreds of Tesla53. Although several 
theoretical models for the CISS effect exist59–62, an intui-
tive explanation can be obtained by considering an elec-
tron moving in a chiral electrostatic potential, in which it 
experiences an effective magnetic field oriented along the 
propagation axis. Within the effective magnetic field, one 
electron spin is favoured, which lifts the degeneracy of 
the electron spin states. Thus, the CISS effect couples the 
linear momentum and the spin of the electron: if parallel 
spin in one direction is energetically favoured, travel in 
the opposite direction is favoured with antiparallel spin49,57 
(FIG. 3A; opposite enantiomers of the spin filter result in 
opposite spins being favoured). Although most measure-
ments of CISS have used DNA or peptides63,64, the viability 
of small molecules as CISS spin filters was demonstrated 
by Naaman, Lacour and co-workers65 using cationic  
helicenes. The potential applications for the CISS effect are 
far reaching; for example, the coupling of an electron’s spin 
to its transport direction could eliminate backscattering 
and thus lead to dissipationless transport66,67. In addition, 
the CISS effect has been implied in biological processes68 
and has been demonstrated in emerging technological 
applications, such as those outlined below.

Paltiel and co-workers have reported several cases 
in which they successfully generated magnetization by 
exploiting the CISS effect. For example, current flowing 
through an α-helix l-polyalanine spin filter at low tem-
perature was shown to generate magnetization in a nickel 
layer that was equivalent to the application of an external 
magnetic field of 0.4 T (REF. 69) (FIG. 3B). Importantly, at 
low temperatures and low voltages the magnetization was 
independent of the current direction: electrons flowing 
through the spin filter into the nickel layer are spin polar-
ized parallel to the electron’s velocity and thus increase the 
majority spin population. When the voltage is reversed, 
electrons travelling in the opposite direction — from 
nickel through the spin filter — can only pass through 
with an antiparallel alignment (FIG. 3A), thus depleting the 
minority spin state. The authors demonstrate a memory 
effect for the device and suggest that the use of two ports 
with spin filters of opposite chirality could also gener-
ate an XOR logic circuit: current flow through neither 
or both ports would result in a non-magnetic sample.  

By contrast, current flow through exactly one port would 
result in magnetization.

Naaman and co-workers have illustrated that the 
CISS effect may also be applied to control the outcome 
of electrochemical reactions. The generation of hydro-
gen through water splitting could have vast importance 
for future energy storage applications and liquid fuel 
production. However, it is limited by the oxidation 
half reaction, which usually requires a significant over-
potential to proceed, thus lowering the overall efficiency. 
Naaman and co-workers70 were able to show that con-
trol of the electron’s spin alignment could reduce the 
overpotential in the photoelectrochemical oxidation 
of water: electrodes coated with achiral organic mol-
ecules displayed overpotentials of 0.5–0.7 V, whereas 
those coated with chiral molecules displayed over-
potentials of only 0.0–0.2 V. The authors suggest that 
the overpotential could be lowered in two different 
ways. First, the spin-selection processes form the spin-
aligned ground state, 3O2, rather than the higher-energy  
antiparallel spin state, 1O2. Second, the inefficient for-
mation of the possible intermediate, hydrogen perox-
ide, can be avoided through spin control, as shown in 
a later study by Naaman, Meijer and co-workers71. For 
anodes coated with achiral semiconductors, the lack of 
spin control leads to the formation of •OH radicals that 
can recombine to form hydrogen peroxide (FIG. 3C, left). 
By contrast, chiral semiconductor coatings allow the 
selective removal of electrons with the same spin, which 
leads to spin-aligned •OH radicals that cannot recombine 
without spin flipping71 (FIG. 3C, right).

Chirality-dependent organization
The development of stereochemistry as a discipline has 
its origins in the chirality-dependent assembly of chiral 
molecules in the solid state: Louis Pasteur’s optical reso-
lution of the chiral salt ammonium sodium tartrate into 
a conglomerate of homochiral crystals in 1848 allowed 
him to assign an opposite sense of optical activity to  
aqueous solutions of opposite-handed crystals72; this laid 
the groundwork for the identification and understanding 
of molecular chirality. It should be highlighted, however, 
that conglomerates of homochiral crystals — such as 
those observed by Pasteur — are a minority; racemic solu-
tions most often crystallize as racemates, with identical 
numbers of both enantiomers in the unit cell. Therefore, 
when comparing the solid-state structures of different 
chiral compositions, an enantiopure chiral substance 
generally crystallizes into a different bulk structure than 
its corresponding racemate; thus, assembly in the solid 
state is sensitive to the chiral composition. Although this 
statement may seem obvious to many chemists, we believe 
that this phenomenon is widely overlooked when consid-
ering the technological potential of chiral organic materi-
als. It is essential to emphasize that key to successful and 
high-performance organic devices is the need to link the 
well-understood characteristics of an isolated molecule 
(that is, molecular properties such as the highest occupied 
and lowest unoccupied molecular orbital energy levels, 
and molecular structure) into the collective behaviour of 
multiple units in the bulk (that is, material properties such 
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Figure 3 | Controlling and exploiting electron spin. A | Energy diagram that demonstrates the principle that underlies 
the chiral-induced spin selectivity (CISS) effect: in a chiral environment, the spin and linear momentum of an electron are 
coupled. From an energetically favoured state (part Aa), inversion of either spin (part Ac) or linear momentum (part Ad) 
requires energy; only inversion of both spin and linear momentum generates the other low energy state (part Ab). 
Opposite enantiomers result in opposite spins being favoured. B | Magnetization of a nickel layer by use of α-helix 
l‑polyalanine (AHPA) as a spin filter. The magnetization is independent of the current direction; both injection of the 
majority spin (left panel) and ejection of the minority spin (right panel) lead to spin enrichment, and thus magnetization 
(middle panel)69. As the spin alignment increases, injecting electrons into the nearly completely filled majority spin state 
becomes increasingly difficult and the resistance increases. C | The photoelectrochemical oxidation of water usually 
produces undesired hydrogen peroxide (left panel). However, electrodes coated with enantiopure chiral molecules can 
suppress this peroxide formation owing to the CISS effect71. The chiral electrode coating allows the selective removal of 
electrons with one spin state (right panel); the remaining spin-aligned •OH radicals cannot recombine without flipping the 
spin. OSC, organic semiconductor. 
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Scalemic mixtures
Mixtures of enantiomers at a 
ratio other than 1:1.

Organic semiconductors
A class of conjugated organic 
materials that combine the 
electronic advantages of 
semiconducting materials with 
the chemical and mechanical 
benefits of organic compounds 
such as plastics. Their charge 
transport properties can be 
induced to lie between an 
insulator and a semiconductor.

as charge transport and morphology)73. Different chiral 
compositions (for example, racemic versus enantiopure) 
of a chiral organic electronic material will have exactly 
the same molecular properties but very different material  
properties. Thus, it should be possible to modify the per-
formance of chiral organic materials solely through altera-
tion of the chiral composition without any change to their 
molecular structure.

Mostly, studies involving chiral organic materials 
use the material as either the racemate or the enantio-
pure form, and rarely compare the two. However, sev-
eral preliminary studies have compared different chiral 
compositions. Pu and co-workers74 studied the conduc-
tivity of oligo(arylene-ethynylene)s containing a chiral 
1,1ʹ-binaphthyl unit (FIG. 4a) in a nanowell device archi-
tecture. They found that devices assembled from enantio-
pure materials (either R or S) exhibited median currents 
significantly (up to ≈80-fold) larger than those assembled 
from racemic and scalemic mixtures (specifically, R:S ratios 
of 80:20, 50:50 and 20:80). However, chiral composition- 
dependent effects are not limited to axially chiral mat-
erials. Helicenes, for example, have proved excellent 
systems for the investigation of chiral inter molecular 
recognition and self-assembly at surfaces75 — an  
intermediate means to understand chiral intermolec-
ular recognition and self-assembly in the bulk — and 
therefore should be prime candidates for the study 
of assembly in the bulk. Hatakeyama, Nakamura and 
co-workers76 have shown that photoinduced charge 
transport for bulk films of azaboradibenzo[6]helicene 
(FIG. 4b) is sensitive to the chiral composition, even 
in the absence of circular polarization (see above). 
They reported that bulk films of the racemic mate-
rial exhibited hole mobility (4.6 × 10−4 cm2 V−1 s−1) but 
a transient photocurrent for electron mobility could 
not be measured, whereas enantio pure films exhibited 
both hole (7.9 × 10−4 cm2 V−1 s−1) and electron mobil-
ity (4.5 × 10−3 cm2 V−1 s−1). This effect was attributed to 
differences in the packing of the racemic and enantio-
pure azaboradi benzo[6]helicene crystals, which in turn 
affects the electronic coupling between molecular units 
in the bulk. As a final example, Avarvari and co-work-
ers reported that chiral derivatives of radical cation 
tetrathiafulvalene (TTF) salts (specifically, DM-EDT-
TTF salts, FIG. 4c) — important contributors to the 
field of molecular electronics77 — have conductivities 
that are highly dependent on the chiral composition 
used. Enantiopure salts of DM-EDT-TTF were found 
to exhibit semiconducting behaviour (with a conduc-
tivity of 10−5 S cm−1 at room temperature and ambient 
pressure), whereas the racemic salts had metallic con-
ductivity (with a conductivity of 250 S cm−1 at room 
temperature and ambient pressure). This differen-
tial conductivity was attributed to the very different 
crystalline packing of the two forms78. Notably, this 
outcome differed from a previous study on an alterna-
tive chiral TTF salt, in which the two chiral compo-
sitions were found to crystallize with similar unit cell  
parameters79. In this earlier study, the differen-
tial conductivity between the compositions (with 
the outcome inverted relative to DM-EDT-TTF —  

the enantiopure salt was more conducting) was attrib-
uted to occupational disorder observed in the unit cell 
of the racemic salt79.

While preparing this Review, two further studies 
on chirality-dependent organization were reported. 
In the first, Favereau, Blanchard, Cabanetos, Crassous 
and co-workers80 reported organic photovoltaic devices 
consisting of the polymer P3HT blended with a chiral 
helicene small-molecule additive; enantiopure addi-
tives showed a fivefold higher power conversion effi-
ciency than racemic additives. The second report by 
Oh and co-workers81 showed that the performance of 
organic phototransistors was influenced by the pendant 
chirality of perylene diimides in self-assembled crystal-
line nano  wires, with homochiral aggregates displaying 
an improved electron mobility.

An extension to this concept would be to consider 
the different material properties of a selection of stereo-
isomers for a chiral molecule, for example, the compar-
ison of two diastereoisomers. However, care must be 
taken, because diastereoisomers do not have exactly the 
same molecular properties; two diastereoisomers are, 
in effect, two different compounds. However, for the  
chiral conjugated materials in which the source of  
chirality is remote from the conjugated core — the 
region of the molecule that determines optoelectronic 
molecular properties — it is possible to argue that an 
analogous conceptual framework is in place: identical 
conjugated cores give rise to identical molecular opto-
electronic properties, whereas pendent chiral side chains 
control chirality-dependent assembly and thus material 
properties. Two excellent cases in point can be found in 
the studies of Nguyen and co-workers82, and Xue and 
Castellano and co-workers83, both of which studied the 
effect of 2-ethylhexyl side chain stereochemistry on 
the properties of small-molecule organic semiconductors 
(FIG. 4d). Typically, conjugated organic (small-molecule 
and polymer) materials append alkyl side chains to 
the conjugated core in order to improve solubility and 
(solution) processability. Such side chains are frequently 
branched; the 2-ethylhexyl side chain comes pre- 
installed on many commercially available building blocks 
for π-conjugated materials. The isomeric complexity of 
products made from these building blocks, given the 
point chirality of the branch point, is, however, gen-
erally ignored. Nguyen and co-workers82 studied the 
stereo isomers of DPP(TBFu)2 (FIG. 4d), comparing the 
enantio meric R,R and S,S isomers with the achiral meso 
R,S isomer (which is diastereomeric with respect to the 
R,R or S,S isomers), and with the statistical isomeric mix-
ture that would be obtained from a synthesis involving 
the racemic side chain. As would be expected from the 
analysis above, all isomers, and the mixture, were found 
to have identical absorption properties in solution but 
different structural and spectroscopic characteristics 
in the solid state. Most notably, they found that for 
OFETs fabricated from annealed materials, the meso R,S  
isomer exhibited a hole mobility (2.8 × 10−3 cm2 V−1 s−1) 
that was three to four times larger than that of the R,R or 
S,S isomers, both of which exhibited the same mobility 
(≈9 × 10−4 cm2 V−1 s−1), as would be expected. The origin of 
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the improved hole mobility for the meso R,S isomer was 
attributed to the higher crystallinity of this compound. 
Xue and Castellano and co-workers83 conducted a similar 
study on SMDPPEH (FIG. 4d), although in this case they 
examined the performance of bulk heterojunction photo-
voltaic devices fabricated with different stereoisomeric 
compositions and PCBM as the acceptor. Compared 
with the statistical composition, the more crystalline 
meso R,S isomer film showed weaker external quantum 
efficiency across the whole visible spectrum and conse-
quently lower power conversion efficiency. By contrast, 

the enantiopure film displayed a slightly blue-shifted 
external quantum efficiency without significant impact 
on the power conversion efficiency.

Conclusions
Through representative examples, we have highlighted 
cases in which small-molecule chirality has provided 
opportunities for and had an exciting impact on areas 
of technological relevance. Although highly prom-
ising, many of the examples described remain at an 
early stage of technological development and much 

Figure 4 | Control of bulk electronic properties by stereochemical composition. a | Examples of materials that exhibit 
chiral composition-dependent changes of bulk properties. Molecular structures of oligo(arylene-ethynylene)s that contain 
a chiral 1,1ʹ-binaphthyl unit74. The enantiopure nanowires show current up to 80 times higher than those of other chiral 
compositions. The compositions of the mixtures refer to R:S and S:R. b | Chemical structure of azaboradibenzo[6]helicene76. 
The film obtained from the racemic mixture of this molecule displays higher hole mobility (μh) than electron mobility (μe), 
whereas the opposite was observed for the enantiopure film. c | Structure of the tetrathiafulvalene (TTF) derivative dime-
thyl-ethylenedithio-TTF (DM-EDT-TTF)78. Single crystal conductivity measurements of the [DM‑EDT‑TTF]2[PF6] salt show 
metallic conductivity when the racemic mixture is used and semiconducting behaviour for the enantiopure crystal. 
d | Examples of materials that exhibit stereochemical composition‑dependent effects through differences in the bulk film 
properties of diastereomeric isomers. When DPP(TBFu)2 is used in organic field-effect transistors, the meso isomer shows 
higher hole mobility than the S,S or R,R isomers82. When SMDPPEH is used as a donor in bulk heterojunction photovoltaic 
cells, the devices with either the S,S or R,R blend have higher power conversion efficiency (PCE) than the meso blends.83
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work is needed to further translate proof-of-concept 
results into real-world applications. In such endeav-
ours, it is worth considering how the precise chiral 
framework used (BOX 1) affects key performance char-
acteristics, and whether a certain type of chirality, or 
a certain type of chiral framework, could outperform 
others. Although chirality is often described as hav-
ing a Boolean logic — an object is either chiral or it is 
not — efforts have been made to quantify chirality84–86. 
However, these methods are not routinely applied to 
real molecules or to link such chirality indices to macro- 
properties of relevance to the examples presented here 
(for example, circular dichroism, CP-photoluminescence 
and CISS)87. Thus, efforts to increase, for example, the 
dissymmetry of chiroptical effects are mainly empirical, 
which illustrates the need for an overarching theoretical 
framework that would allow advancement beyond the 
current trial-and-error stage. Of course, the identification 
of any privileged chiral structure need not be limited to a 
chiral small molecule; there are many alternative chiral 

materials — for example, polymers4,5, liquid crystals7 
and plasmonic nanostructures10 — under active study. 
However, we believe that the examples presented here 
clearly demonstrate that from an application-led stand-
point chiral small molecules can be competitive with 
other materials. Furthermore, small molecules have key 
advantages over many alternative material sets: through 
synthesis such materials are available in a highly pure,  
single composition and can be systematically derivatized 
and studied. Ultimately, we believe that in order to fully 
exploit the opportunities of small-molecule chirality 
there needs to be more collaboration between scientists 
in different disciplines; for example, between those who 
can measure the effects described herein, or understand 
a given application need (but may be unfamiliar with 
chirality), and those scientists who synthesize chiral mol-
ecules (but are unfamiliar with the effects and/or meas-
urements). We hope that this Review, in part, helps to 
seed and stimulate such collaborations, driving further  
development in this burgeoning area.
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