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Abstract: Molecular chirality plays an important role in

chemistry and biology, allows control of biological interac-

tions, affects drug efficacy and safety, and promotes syn-

thesis of new materials. In general, chirality manifests

itself in optical activity (circular dichroism and/or circular

birefringence). Chiral plasmonic nanoparticles have been

recently developed for molecular enantiomer separation,

chiral sensing and chiral photocatalysis. Here, we show

that optical chirality of plasmonic nanoparticles exhibit-

ing strong scattering can remain completely undetected

using standard characterisation techniques, such as circu-

lar dichroism measurements. This phenomenon, which we

term meso-chiral in analogy to meso-compounds in chem-

istry, is based on mutual cancellation of absorption and

scattering chiral responses. As a prominent example, the

meso-chiral behaviour has been numerically demonstrated

in multi-wound-SiO2/Au nanoparticles over the entire visi-

ble spectral range and in other prototypical chiral nanopar-

ticles in narrower spectral ranges. Themeso-chiral property

has been experimentally verified by demonstrating chi-

ral absorption of gold helicoid nanoparticles at the wave-

length where conventional circular dichroism measure-

ments show absence of a chiral response. These find-

ings demonstrate a valuable link between microscopic

and macroscopic manifestations of chirality and can pro-

vide insights for interpreting a wide range of experimen-

tal results and designing chiral properties of plasmonic

nanoparticles.
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1 Introduction

Chirality is an essential natural property of objects, signi-

fying that they cannot be superimposed with their mirror

image by any combination of translation and rotation oper-

ations. Its importance in chemistry and biology is elucidated

by the fact that the life on the Earth itself is chirally asym-

metric at a molecular level [1], [2]. The research in optical

effects related to chirality was initially focused on sensing

and spectroscopy of chiral molecules, but recently has been

extended to the control of enantiomerically pure synthesis

and chiral catalysis through the utilisation of enhanced chi-

ral responses of plasmonic nanoparticles as well as chiral

properties of circularly polarised light [3]–[8].

The chiral optical response can be quantified through

optical activity, represented by circular birefringence

(CB) and circular dichroism (CD), related to unequal

real and imaginary parts, respectively, of the permittiv-

ity of chiral media for different handedness of circu-

larly polarised light [9], [10]. Due to its direct connec-

tion to absorbance/extinction spectra, circular dichroism

C[deg] = (SLCP − SRCP ) ln(10)
4

180[deg]

𝜋
, where SLCP and SRCP are

the absorbance/extinction measured for left- and right-

circular polarised (LCP and RCP) light, respectively, is

widely used for identification of material chirality [11].

When scattering is negligible, as often happens in the case

of bulk media or molecules, absorbance and extinction

(Extinction = Absorption+ Scattering) coincide with each

other.

Some molecules possess multiple chiral centres but do

not exhibit a chiral optical signature because they have an

internal plane of symmetry, as a consequence of which the

optical responses of the chiral centres cancel each other. An

example of a meso-compound is a tartaric acid, which has

two chiral centres but is optically inactive due to its inter-

nal symmetry. Meso-compounds are important in catalysis,

drug delivery and in the development of polymers [12]–[14].

In this article, we show that a strongly chiral response

of plasmonic nano-objects can nevertheless remain

hidden in conventional optical CD measurements. Such

nanoparticles have opposite and equal chiral responses in
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absorption and scattering, which results in an achiral

response in the measured overall extinction. In an analogy

with meso-compounds in molecular chemistry exhibiting

chirality cancellation between two opposite chiral centres,

we term such nanoparticles meso-chiral. The effect arises

due to strong scattering of nanoscale objects, which is

absent for molecular species. This property appears to be

quite common among plasmonic nano-objects at certain

wavelengths, but surprisingly for some it can be broadband.

Combining strong chirality produced by asymmetrically

arranged winding SiO2 nanorods [15] with multishell

design feasible for fabrication [16], a quintessential

example of meso-chiral structures, multi-wound plasmonic

nanoparticles (MWPNs), is demonstrated. A simulated

chiral response of the MWPNs indicates the possibility of

achieving a meso-chiral optical behaviour over the entire

visible range. These findings reveal the existence of hidden

chirality which can be undetected in the standard CD

spectral measurements and contribute to understanding

the true chirality of nanostructures. The opposite chiral

effects in absorption and scattering may have a distinct

impact in a range of phenomena, including the local

field enhancement effects and hot-electron generation in

plasmonic nanoparticles.

2 Results and discussion

In contrast to molecules for which the chiral response is

determined by their fixed electronic configurations, the

chiral response of plasmonic nanoparticles can be engi-

neered through their design by achieving spectrally over-

lapping collinear electric and magnetic dipolar resonances

with the required magnitudes and phase difference [17].

In comparison to deeply-subwavelength-size molecules, for

which extinction and absorption are practically indistin-

guishable as scattering is minimal, the situation can be

different for plasmonic nanoparticles with their strongly

enhanced resonant scattering, even for subwavelength

sizes. Typically, the so-called g-factor is used to represent

optical chirality observed in either nanoparticle extinc-

tion, absorption, or scattering. This parameter describes the

difference in nanoparticle interaction with LCP and RCP

light:

g = 2
SLCP − SRCP

SLCP + SRCP
, (1)

where S is the measured signal, such as extinction, absorp-

tion or scattering intensity (according to the definition

adopted in CD spectrometers, the handedness of the

incident circularly polarised light is defined from the

point of view of the receiver). The extinction g-factor

is proportional to the CD value, C, normalised to the

sum of extinction magnitudes: gext = 4

ln(10)

𝜋

180

2

SLCP
ext

+SRCP
ext

C

[11]. Using the definition of the g-factor (Eq. (1)) and the

relationship between extinction, absorption and scatter-

ing signals Sext = Sabs + Sscat, one can obtain that the

value of gext is always located between that of gabs and

gscat, as follows from the final result of the following

derivation:

gext = 2
SLCP
ext

− SRCP
ext

SLCP
ext

+ SRCP
ext

= 2
SLCP
abs

− SRCP
abs

+ SLCP
scat

− SRCP
scat

SLCP
abs

+ SRCP
abs

+ SLCP
scat

+ SRCP
scat

=
2
(
SLCP
abs

− SRCP
abs

)
∕
(
SLCP
abs

+ SRCP
abs

)
⋅
(
SLCP
abs

+ SRCP
abs

)
∕2+ 2

(
SLCP
scat

− SRCP
scat

)
∕
(
SLCP
scat

+ SRCP
scat

)
⋅
(
SLCP
scat

+ SRCP
scat

)
∕2

(
SLCP
abs

+ SRCP
abs

)
∕2+

(
SLCP
scat

+ SRCP
scat

)
∕2

= gabsSabs + gscatSscat

Sabs + Sscat
,

(2)

where Sabs (Sscat ) is the average of LCP and RCP

absorption (scattering) intensities S = (SLCP + SRCP )∕2.
Equation (2) indicates the possibility of achieving a balance

between absorption and scattering chirality values for the

realisation of an achiral response in extinction.

As an example of the meso-chiral plasmonic nanoparti-

cles, we designed multi-wound SiO2 nanorod structures on

Au nanospheres, which are feasible for fabrication using

layered nanorod deposition [15], [16] (Figure 1). The geomet-

rical chirality is introduced in a step by step fashion through

consecutive deposition of two wound SiO2 nanorods on a

plasmonic (Au) nanosphere with a encapsulation in plas-

monic material after each step. The first SiO2 nanorod

breaks the spherical symmetry of the structure, leaving

only two symmetry planes. Then, the second SiO2 nanorod

positioned in the perpendicular plane breaks the remaining

symmetry, resulting in a chiral nanoparticle.

At all fabrication stages, the nanostructure has a pro-

nounced resonant optical response in absorption, scattering

and extinction in the visible spectral region mediated by
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(a) (b) (c) (d) (e) (f) (g)

Figure 1: MWPN fabrication process. (a) The MWPN is grown starting from a 60-nm gold nanosphere. (b) A 15-nm-thick curved SiO2 nanorod of a circu-

lar shape spanning a 𝜋∕2 sector is deposited on the nanosphere. (c) A 18-nm-thick gold shell is added. (d) A second curved SiO2 nanorod similar

to one in (b) is deposited in the plane perpendicular to the plane of the first nanorod. (e) An outer 21-nm-thick gold shell is added. (f, g) Cross-sections

of the final nanoparticle in the (f) x– y and (g) y–z planes. It should be noted that chirality (g-factor) of the nanopaticle is only weakly dependent on

the thickness of the shells and the meso-chiral behaviour is still observed in a range of shell thicknesses.

localised surface plasmon resonances (Figure 2(a)). While

the extinction g-factor, gext, is understandably equal to

zero for a nanostructure with a single-nanorod and has

a pronounced values for the uncoated MWPN, it returns

to nearly-zero values in the MWPNs upon deposition of

the outer Au layer (Figure 2(b)), even though the particle

is intrinsically chiral. At the same time, uncoated MWPN

and final MWPN nanoparticles possess pronounced chiral

response in both scattering and absorption, which predom-

inantly have the opposite signs (Figure 2(c) and (d)). Surpris-

ingly, in the case of MWPNs (Figure 2(d)) they balance each

other to produce an achiral response in extinction over the

entire visible spectral range, demonstrating a broadband

meso-optical behaviour. Thus, although these nanoparticles

are fundamentally chiral, which affects not only the absorp-

tion, but the entire local field response at the nanoscale, this

would remain undetectedwith the standardmeans of chiral

characterisation using CD measurements.

Particularly, the second (outer) SiO2 winding rod intro-

duces the chirality to the geometry of the nanoparticle and

brings the opposite signs of gabs and gscat at the uncoated-

MWPN stage (Figure 2(c)). In this case, gext keeps the same

sign and tendency as gabs, which infers the prevailing con-

tribution of gabs to the total optical chirality. After adding

the top gold layer to produce the final MWPN structure,

the signs of gabs and gscat are swapped. This addition also

brings a stronger enhancement to scattering compared to

Figure 2: Simulated optical response of MWPNs, together with corresponding spectra of g-factors. (a) Simulated extinction (black), absorption (red)

and scattering (blue) cross-sections and (b) the corresponding gext spectra of a single-WPN (dot line), an uncoated-MWPN (dash line) and a MWPN

(solid line) nanostructures. (c, d) Simulated gext (black), gabs (red) and gscat (blue) spectra of (c) an uncoated-MWPN and (d) a coated MWPN.

The plane-wave illumination is along the z-direction and the parameters of the nanostructures are as in Figure 1.
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that for the absorption (Figure 2(a)), increasing the con-

tribution of gscat to gext and promoting a better balance

between absorption and scattering chiral responses than

those in the uncoated-MWPN. Thus, the MWPN presents an

intriguing example of meso-chiral properties, with a weak

overall chiral response presented by gext, but prominent

and opposite chirality in absorption and scattering existing

in a broad wavelength range. The meso-chiral property can

also be inferred from the opposite signs of the difference of

themagnitude of the electric field between LCP and RCP illu-

mination, |ELCP|− |ERCP|, integrated inside and outside the
nanoparticles: inside the nanoparticle, the total electric field

under the LCP illumination is stronger than that under the

RCP illumination, while outside the situation is the opposite.

The microscopic pattern of circular dichroism is quite

intricate. The enantiomeric difference in both loss and scat-

tering varies across the nanoparticle volume and scatter-

ing directions, respectively (Figure 3), which can have the

dependence with sign variation, upon integration return-

ing the g-factors presented in Figure 2. In this respect, the

local chirality both in absorption and scattering affects

the optically-driven effects in the vicinity of the nanopar-

ticle, while the integral values define the overall chiral

response.

In many chiral applications, it is important to have

a reliable measure of nanostructure chirality to correctly

estimate its influence. The demonstration of a meso-chiral

phenomenon calls attention to the fact that the standard

way of estimation of a chiral response using the mea-

surement of chiral extinction can be misleading: even a

seemingly achiral nanostructure characterised by the CD

technique can affect the chiral processes through the chi-

rality of the local fields related to its intrinsically chi-

ral absorption and/or scattering responses. More impor-

tantly, the introduced meso-chiral property is useful for

distinguishing the contributions from the effects based on

scattering and absorption in chiral nanostructures in order

to choose or adjust their design for specific applications.

For example, for photocatalysis, it is the absorption cross-

section is important, while scattering also plays an indirect

role [18]. Particularly, the light absorbed by the nanoparti-

cles generates hot carriers capable of changing the energy

landscape of chemical reactions, simultaneously upon con-

version to the heat increasing their speed [19], [20]. In

this respect, the introduction of the absorption chirality

described by gabs leads to the realisation of polarisation-

sensitive photocatalysis. At the same time, the polarisation-

sensitive scattering related to gscat affects the overall dis-

tribution of light over the reactor volume, also influenc-

ing photo-sensitive reactions. In this respect, meso-chiral

plasmonic nanoparticles can present opposite chiral opti-

cal effects of the light scattering and the joint influence of

the hot-carrier and thermal effects. Overall, observation of

dissimilar photo-catalytic properties for such nanoparticles

having achiral CD response would be a direct way of experi-

mental observation ofmeso-chiral concept.Meso-chiral par-

ticles canfind their application in chiral sensing,where they,

similarly to the racemic plasmonic nanoparticle arrays [21],

[22], can enhance its sensitivity, not masking amuchweaker

molecular signal with their own (hidden) chiral response.

While for oriented MWPNs (e.g., deposited on a sub-

strate or fixed in a transparent matrix), the meso-chiral

response is broadband (Figure 2), random orientation of

nanostructures as, e.g., in a colloidal solution still exhibits

this property albeit in narrower spectral range (Figure 4(a)).

The meso-chiral property is not so uncommon and can be

observed for various geometries of plasmonic nanoparticles

under different conditions. As archetypal chiral nanostruc-

tures, a gold L-helicoid in air and a SiO2 matrix and a gold

L-helix in air, were numerically investigated. Notably, both

of these structures can be oriented for the top illumina-

tion on a substrate or in a matrix [5], [23]. The opposite

(a) (b)

Figure 3: Simulated spatial distributions of the difference in the optical response of MWPNs between 560-nm LCP and RCP illumination. (a) Cross-

section maps of normalised differential absorption density (ΔQ)norm = (QLCP − QRCP)norm, whereΔQ is normalised by the maximum absorption value

inside the nanoparticle. (b) Normalised directional far-field scattering intensity (magnitude) and gdir
scat

diagram (colour plot), where gdir
scat

is the scatter-

ing g-factor measured in a given direction. The nanoparticle parameters are as in Figure 1.
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(a) (b)

(c) (d)

Figure 4: Meso-chiral optical properties of common chiral plasmonic nanostructures. Simulated g-factor spectra of (a) MWPNs averaged over 300

incident directions, (b, c) L-helicoid with a 180-nm side length and (d) L-helix with a 180 nm major diameter, a 15 nm nanowire radius and a double

twist with a 105 nm period, in (a, b) air and (c, d) a SiO2 matrix. Shading indicates the wavelength range of the meso-chiral behaviour.

signs of gabs and gscat with a weak gext can be observed

in most of the cases (apart from a helix in air), but in

a narrow spectral range (Figure 4(b)–(d)). This indicates

the possibility of hidden chirality for a wide range of plas-

monic nanostructures remainingundetected in standardCD

characterisation at a single wavelength and the importance

of further development of techniques for optical chirality

measurement.

The meso-chiral property has been further experimen-

tally demonstrated by studying an optical response of gold

helicoid nanoparticles dispersed in water. The CD mea-

surements reveal the meso-chiral behaviour gext = 0 at a

wavelength of 660 nm (Figure 5(a)). Using this illumina-

tion wavelength, a photothermal response of the heli-

coid nanopartilces, directly related to the absorption

cross-sections, was studied. The optically-induced tempera-

ture changes were found to be significantly different for

RCP and LCP light illumination, confirming the optical chi-

rality of the nanoparticles (Figure 5(b)). Thus, the nanopar-

ticles which have a non-chiral response from circular

(a) (b)

Figure 5: Photothermal response of helicoid nanoparticles. (a) Experimental CD spectrum for an aqueous solution of helicoid nanoparticles.

A non-chiral response gext = 0 is observed in extinction at the wavelength of 660 nm. (b) Optically-induced temperature changes of the helicoid

solution under illumination with RCP and LCP light at a wavelength of 660 nm.
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dichroism measurements in extinction, possess chiral res-

ponse in absorption (and therefore in scattering), which is a

direct demonstration of the meso-chiral behaviour.

3 Conclusions

We have introduced a novel concept of meso-chiralilty for

nanoparticles, when the substantial chirality in absorption

and scattering can be hidden inside a completely achi-

ral response in extinction due to the opposite sings of

these components. In this case, the essentially chiral local

response of the nanoparticle remains undetected or sig-

nificantly underestimated using conventional CD measure-

ments. (It should be noted, that an optical chiral response

can also be cancelled in racemic mixtures which have

equal amounts of enantiomers of opposite handedness,

providing the balance in the overall optical response.) At

the same time, while the overall chiral response of meso-

chiral nanoparticles is zero, the hidden chiral behaviour

can significantly affect local enantio-sensitive light–matter

interactions, e.g. polarisation-sensitive photocatalysis, hold-

ing the potential for influencing other optical processes.

Notably, this property is not so uncommon in chiral plas-

monic nanoparticles, which was numerically demonstrated

on the examples of multi-wound particles, helixes, and

helicoids, and is experimentally verified for the latter. The

hidden optical chirality and opposite chiral responses in

absorption and scattering can be a powerful tool for under-

standing and tailoring chiral light–matter interactions.

4 Methods

4.1 Numerical simulations

The chiral response of plasmonic nanoparticles was sim-

ulated using a finite element method in a scattered field

formulation (COMSOL software package). The simulation

domain was surrounded by a perfectly matched layer

to ensure the absence of back-reflection. Apart from the

nanoparticle domain in the case of the MWPN and a

spherical domain closely enclosing the helicoid and helix

nanoparticles, symmetrical mesh was used for all other

domains to avoid creation of potential artificial chiral-

ity. The extinction cross-section 𝜎ext was calculated as the

sum of scattering (𝜎scat) and absorption (𝜎abs) counterparts.

The latter were obtained by integrating the scattered field

power flow over a surface surrounding the nanoparticles

and the total field power flow entering them, respectively,

followed by normalisation by the incident power flow:

𝜎abs = − 1

I0 ∬ (n ⋅ Ptot )dS, (a)

𝜎scat =
1

I0 ∬ (n ⋅ Pscat )dS, (b)

(3)

where I0 is the intensity of the incident light, n is the vector

normal to the nanoparticle surface, Ptot and Pscat are the

Poynting vectors of the total and scattering fields, respec-

tively. The g-factors were calculated from the relative dif-

ference of the cross-sections under the LCP and RCP illu-

mination (Eq. (1)). For nanoparticles preferentially oriented

on a substrate or in matrix, plane-wave illumination under

normal incidence (along the z-axis) was considered.

For randomly oriented nanoparticles, averaged results

from 300 nanoparticle orientations were used to simulate

the case of colloidal systems. Particularly, the orientation

of the nanoparticle was fixed, while illumination directions

were set using Fibonacci approach [24]:

𝜃 j = arccos(1− 2 j∕N )

𝜙 j = 2 j𝜋Φ−1

}

(0 ≤ j < N ), (4)

where 𝜃 j and 𝜙 j are the polar and azimuthal illumination

angles, respectively, N is the number of sample directions

and Φ is the Fibonacci golden ratio (1+
√
5)∕2. The g-

factors were evaluated as

gi = 2

∑
SLCP
i

−∑
SRCP
i∑

SLCP
i

+∑
SRCP
i

, (5)

which represents the definition of the g-factor, where
∑
Si

expresses the summation of either extinction, scattering

or absorption signals S over the sampled illumination

directions.

4.2 Experimental characterisation

The helicoid particles were fabricated by the method

described in Ref. [17]. Briefly, the helicoids were grown

for 2 h at 30 ◦C from 320 μL octahedral seeds dispersed

in a solution containing 29 mL DI water, 6.4 mL 0.1 M

Hexadecyltrimethylammonium bromide (CTAB) and 640 μL
10 mM HAuCl4, 3.6 mL 0.1 M ascorbic acid and 16 μL 5 μM L-

glutathione. Then, the particles ware rinsed by centrifuging

(2,000×g, 3 min) 3 times and kept in a 1 mM CTAB solution

for further use.

CD spectra of the nanoparticles in water were mea-

sured using a commercial CD spectrometer (Applied Photo-

physics Chirascan Plus). The photothermal measurements

were performed with collimated white light from a super-

continuum laser (NKT Photonics SuperK-EVO-HP), filtered
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at the wavelength of 660 nm ± 10 nm, circularly polarised

using a linear polariser and a quarter waveplate. The tem-

perature of a 1 mL helicoid solution with 200 rpm stir-

ring in a 1-cm-thick glass cuvette was measured by a dig-

ital thermometer (RS PRO Handheld Digital Thermome-

ter 206-3738). To check the consistency of the results, the

experimental measurements were repeated 3 times. The

stability of the nanoparticles under laser excitation was

checked by performing CD measurements before and after

the illumination.
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