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ABSTRACT: Enantiomer separation is a critical step in many
chemical syntheses, particularly for pharmaceuticals, but
prevailing chemical methods remain inefficient. Here, we
introduce an optical technique to sort chiral specimens using
coaxial plasmonic apertures. These apertures are composed of
a deeply subwavelength silica channel embedded in silver and
can stably trap sub-20 nm dielectric nanoparticles. Using both
full-field simulations and analytic calculations, we show that
selective trapping of enantiomers can be achieved with
circularly polarized illumination. Opposite enantiomers
experience distinct trapping forces in both sign and magnitude:
one is trapped in a deep potential well, while the other is
repelled with a potential barrier. These potentials maintain
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opposite signs across a range of chiral polarizabilities and enantiomer—aperture separations. Our theory indicates that the
interaction of chiral light and chiral specimens can be mediated by achiral plasmonic apertures, providing a possible route toward

all-optical enantiopure syntheses.

KEYWORDS: optical forces, nano-optical tweezers, enantiomer separation, chiral molecules

olecular chirality is strongly related to biological

function. For example, when a chiral molecule such as
a protein loses its original chirality, it can become toxic to cells,
a process that has been suggested as one of the underlying
causes of many diseases including Alzheimer’s, Parkinson’s,
Huntington’s, and type II diabetes.! Further, because cellular
receptors normally target specific molecular chiralities,
enantiopure drugs are often more effective and produce
considerably fewer side effects than their racemic counterpart.”
Since enantiomers are identical in their chemical composition
and scalar physical properties, existing separation methods such
as chiral chromatography rely on the unique ways in which each
molecule in an enantiomeric pair interacts with other chiral
molecules.”* These chemical processes may introduce un-
wanted side products and, perhaps more importantly, have a
low selectivity and a poor atom economy.

Light can be a less invasive and more efficient alternative to
chemical methods for separating enantiomers. It has been
shown recently that optical forces™ on an enantiomeric pair of
chiral particles are distinct due to the opposite sign in their
chiral polarizabilities.”"* For example, Tkachenko et al.
showed that micrometer-sized chiral particles illuminated with
circularly polarized light can feel different forces that drag these
particles toward opposite directions depending on their
handedness.'® However, to date, this mechanism can separate
only particles that are considerably larger than proteins and
pharmaceutically relevant molecules, owing to the weak nature
of optical forces exerted on nanometer-sized specimens. These
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optical forces can be increased using plasmonic optical
tweezers, which rely on enhanced near-field gradients. Using
plasmonic tweezers, direct optical manipulation of sub-100 nm
particles and proteins'*~>* has been achieved, but these traps
are indiscriminate to particle chirality. Here we show how
enantioselective optical trapping can be achieved at the
nanoscale by combining chiral optical forces with efficient
plasmonic tweezers. We design an achiral plasmonic coaxial
nanoaperture to selectively trap sub-10 nm dielectric specimens
based on their chirality. Our calculations show that this scheme
achieves significant differences in trapping potentials that stably
trap one enantiomer of the pair while repelling the other.

In general, optical forces on a particle can be written as™*~>°

F = Re{(p-V)E + (m-V)H + p p X H — gy X E}
(1)

where p and m are the electric and magnetic dipole moments,
E and H are the electric and magnetic fields, and y, and &, are
the permeability and permittivity of vacuum. The electric and
magnetic dipole moments are related to the incident fields by
the polarizability tensor of the particle as given in eq S1 in the
Supporting Information. A chiral particle can be modeled as a
pair of interacting electric and magnetic dipoles. This
interaction is manifest in its electromagnetic polarizability
Qmy Which is closely related to the chirality (k) of the particle as
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Figure 1. (a) Schematic view of the plasmonic coaxial aperture, with R, = 60 nm, R, = 85 nm, h = 150 nm. The incident light is left-handed circularly
polarized and propagates along the +z direction. (b) Finite difference time domain simulation (FDTD, Lumerical) of the normalized transmission
coefficient for the coaxial aperture. (c) One-dimensional trapping potential on an achiral particle with a refractive index of 1.45 and a diameter of 20
nm in water, 20 nm above the aperture. The trapping potential is normalized to 100 mW transmitted power.
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W, where r is the particle radius,
&t 260 (1 + 20) — K

€, (u,) is the relative permittivity (permeability) of the particle,
and &, is the relative permittivity of the medium (Supporting
Information).”® The chirality  is a dimensionless parameter
that measures the degree of the handedness of chiral
materials.*®

As eq 1 indicates, optical forces relate not only to the electric
and magnetic field gradients but also to the spin- and orbital-
angular momentum of the fields.”* For chiral specimens, the
latter contribution is different for different enantiomers.
Consequently, we use this term to separate enantiomers with
different chiralities. To illustrate this effect, we first focus on the
transverse optical forces (the forces generated in the x—y plane
as illustrated in Figure 1). They can be simplified in terms of
the polarizability of the particles as''

Re(e, 1
Ftr = MV'EP + Im(aee) gv X LS + Im(aem)_
4 2¢ 2

0

VIm(E-H*) — Re(a,,,)V X S ()

where a,, is the electric polarizability, L, is the spin angular
momentum, and S is the Poynting vector. In eq 2, the force
terms can be classified as follows: the first term is the gradient
force; the second term is the curl-spin force;' ' the third term
is the chiral gradient force; and the fourth term is the vortex
force.'' It is important to note that these four force
components may not contribute simultaneously or equally.
This equation can be further simplified for the case of a small
chiral particle within the quasi-static limit under two conditions.
First, to trap biological targets, the trapping laser needs to be in
the visible to near-IR region, which coincides with the first
optical window to avoid their heating damage. For small
specimens (i.e., diameters in the range of a few nanometers),
their Mie resonances are commonly located in the UV region,
far from the trapping wavelength. Under this condition, the
curl—s%)in force that is related to Im(a..) becomes negli-
gible. %7 Second, the circular dichroism (CD) of the specimen,
which is related to Re(@,,), normally peaks in the UV region
for small chiral particles. In contrast, the optical rotational
dispersion (ORD) is related to Im(a,,) and extends to much
longer wavelengths.zg’29 Therefore, the vortex force also
vanishes when the trapping wavelength is far from the UV.
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With these considerations, the transverse optical force on chiral
nanoparticles reduces to

Re(e, 1
~ %Vlﬂz + Im(aem)EVIm(E-H*)

tr (3)

Note that the gradient chiral force (the second term in eq 3)
changes sign when enantiomers are trapped because of their
opposite signs in ORD. As a result, the difference between the
trapping forces of an enantiomeric pair comes from the addition
or subtraction between the two force components in eq 3. In the
following, we will refer to the first part of the transverse force as
the dielectric gradient force and the second part as the chiral
gradient force since it is directly related to the optical chirality
density (Im(E-H*)) of the field.*>*" Equation 3 indicates that
apertures that provide a large gradient of the optical chirality
density can result in strong contrasts in their optical forces on
chiral objects with opposite handedness.

We chose a coaxial nanoaperture as our design, because it is a
plasmonic resonant structure’>>* that provides large field
gradients in the transverse plane. Recently, we have
theoretically demonstrated that field gradients near this coaxial
aperture are large enough to generate piconewton forces for
dielectric particles as small as 2 nm.*” This force leads to a
trapping potential depth larger than 10 kT, which is enough to
oppose the Brownian motion of the nanoparticles suspended in
solution. Since the two components of the transverse forces for
chiral objects in eq 3 are essentially based on field gradients,
this coaxial structure shows great promise to trap a small chiral
object. Most importantly, we will show that the circular
symmetry of the aperture is crucial to the addition or subtraction
between the two force components in eq 3 for separating
enantiomers.

The coaxial nanoaperture we consider has a silver” core of
radius R, = 60 nm, a silicon dioxide ring that extends to a radius
R, = 85 nm, and a thickness & = 150 nm, as schematically
shown in Figure la. Upon illumination with circularly polarized
light, the transmission spectrum of this structure peaks at two
wavelengths corresponding to the Fabry—Perot resonances of
this structure shown in Figure 1b. In this study, we use the
stronger resonance at A = 751 nm, which is the fundamental
plasmon mode when the specimen is in water (n = 1.33).
Figure 1c shows the one-dimensional trapping potential on an
achiral nanoparticle using this aperture with left-handed
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circularly polarized illumination. With a refractive index of 1.45
and a diameter of 20 nm, the trapping potential depth for this
particle is —14.7 kT with 100 mW transmitted power in water.

To analyze whether this structure can provide an
enantioselective optical force, we employ a semianalytical
approach by first investigating the field distributions close to
the aperture surface using finite difference time domain
(FDTD) simulations. Then we introduce a chiral particle,
whose polarizabilitites are estimated based on the quasi-static
limit, and calculate the total transverse forces experienced by
this particle based on eq 3. This approach assumes that the
chiral specimens do not perturb the fields, which is typical for
specimens that are much smaller than the aperture and within
the Rayleigh regime (ryecimen << 4/20). In the following we
model our targeted chiral specimen as a spherical nanoparticle
with a diameter of 20 nm, a dielectric constant of 1.45, and a
chirality (k) in the range between —1.45 and +1.45 with the
plus (minus) sign indicating S (R) enantiomers, corresponding
to an electromagnetic polarizability «,, in the range of

(—g x 107 m?, 439 w107 m3), with ¢ being the

4
speed of light in vacuum. Such polarizabilities span the range
of common chiral specimens including DNA-assembled
nanostructures and composite nanomaterials with similar
dimensions.***~**

To analyze the field profile and subsequent forces from the
coaxial nanoaperture, we first illuminate the aperture with
linearly polarized light along the y direction. In Figure 2, we
show one example of the transverse forces on an enantiomeric
pair with a chirality k¥ of 0.6, corresponding to an

137
4
shows the magnitude of the dielectric gradient force on an S
enantiomer in the x—y plane, overlaid with a quiver plot
showing the directions of this force. This force map is obtained
through FDTD simulations by placing the monitor 20 nm
above the coaxial aperture. In Figure 2a, the gray arrows
indicate this dielectric gradient force (arising from the electrical
field gradient (VIEI*) is concentrated along the direction of the
input polarization, allowing trapping of the specimen explicitly
above the dielectric channel of the coaxial structure. Figure 2b
shows the spatial variation of the chiral gradient force on the
same S enantiomer. Note the hot spots overlap with the
maxima of the chirality density gradient (VIm(E-H*)), which
are located at different points on the ring from the maxima of
the electrical field gradient. This spatial separation jeopardizes
the possibility of annihilating the total transverse force for one
enantiomer while enhancing the forces for the other one to
achieve force-induced separation. As a result, the transverse
forces through the nanoaperture with linearly polarized
excitation will have the same magnitude for both the S and R

enantiomers, shown in Figure 2c and d.

To solve this problem caused by the unmatched maxima
from the electrical field gradient and the chirality density
gradient as indicated by Figure 2a and b, it is necessary to
match the symmetry between the nanoaperture and the field
distribution. Therefore, instead of linearly polarized light, a
circularly polarized source is used in our scheme. In Figure 3a
and b, we show these force components on the S enantiomers
again, but with left-handed circularly polarized (LCP) excitation

electromagnetic polarizability of ~ X 107** m®. Figure 2a

0 (pN/100mW) 2

Figure 2. Calculated transverse forces 20 nm above the aperture with
linearly polarized illumination. The dielectric channel of the aperture is
outlined by the concentric black circles. The color map shows force
magnitude, and the gray arrows show force directions. (a) Dielectric
gradient force for the S enantiomers (denoted as Fg). (b) Chiral
gradient force for the S enantiomers (denoted as Fig). (c) Total
transverse force for the S enantiomers (Fg). (d) Total transverse force
for the R enantiomers (Fy). The particle chirality is k = +0.6. The scale
bars are 50 nm in all panels.
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Figure 3. Calculated transverse forces 20 nm above the aperture with
left-handed circularly polarized illumination. The dielectric channel of
the aperture is outlined by the concentric black circles, the color map
shows force magnitude, and the gray arrows show force directions. (a)
Dielectric gradient force for the S enantiomers (denoted as Fjg). (b)
Chiral gradient force for the S enantiomers (denoted as F). (c) Total
transverse force for the S enantiomers (Fg). (d) Total transverse force
for the R enantiomers (Fy). The particle chirality is x = +0.6 for this
figure. The scale bars are 50 nm in all panels.
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Figure 4. Trapping potentials for enantiomers with linear and circular polarizations. Two-dimensional (2D) trapping potential with linearly polarized
incidence for (a) S enantiomers and (b) R enantiomers at 20 nm above the nanoaperture. (c) One-dimensional (1D) trapping potentials across the
aperture at 20 nm above the aperture for both R and S enantiomers. (d, e, and f) Corresponding 2D and 1D trapping potentials with left-handed
circularly polarized illumination. The particle chirality is ¥ = +0.6 for this figure. For the cases with circularly polarized illumination, distinctions of
potentials between the S (black curves) and R (red curves) enantiomers provide selectivity to trap only one enantiomer (the S enantiomers as shown

here).
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Figure 5. (a) Depth of trapping potentials for S and R enantiomers with chirality k = +0.6 as a function of distance away from the aperture. (b)
Trapping potential depth and barrier as a function of chirality at z = 20 nm above the aperture with left-handed (solid symbols) and right-handed
(open symbols) circularly polarized incidence. For clarity, the y axis breaks between 0 and 3 kT. Below the break, the y axis is in linear scale; after the
break, the y axis is in log scale. (c) Potential depth and barrier as a function of chirality and refractive index of the medium (n,,) in which the
nanoparticle is immersed. The illumination is left-handed circularly polarized light. R (and all open symbols) denotes R enantiomers, and S (solid
symbols) denotes S enantiomers. The y axis breaks between —60 and —20 KT for clarity. In all panels, the gray dashed line indicates 0 kT potential.

to the aperture. With LCP excitation, the maxima for both the dimensional (1D) trapping potentials along the x directions
electric field gradient and the chiral density gradient now across the aperture for both enantiomers. With linearly
coincide at the ring channel of the aperture. With the same polarized illumination, the aperture provides exactly the same
chiral particles with x = +0.6, it is seen that for the S trapping potentials for both enantiomers. On the contrary, with
enantiomers the total maximum transverse force now reaches a circularly polarized illumination (e.g., LCP illumination here),
1.23 pN/100 mW, attracting the particle toward the dielectric the same aperture provides a trapping potential as deep as —17
channel. For the R enantiomers, the force is only 0.35 pN/100 KT at 20 nm above the aperture for the S enantiomers, while for
mW in magnitude. Moreover, as indicated by the gray arrows, the R enantiomers the trapping potential is positive at the same
the transverse forces push the particle toward the coaxial location. This distinct trapping potential stably captures only
channel for the S enantiomer, enabling trapping, but away from the S enantiomers near the aperture, such that the untrapped R
the channel for the R enantiomer. enantiomers can be washed away to produce a purely S
The drastic differences in the magnitude and sign of the enantiomer solution. To trap the other handedness, one may
optical forces for the enantiomeric pair result in a large simply reverse the incidence polarization to right-handed
difference in their trapping potentials. Figure 4 depicts the circularly polarized light. Then the same forces and trapping
trapping potentials of the enantiomers with both linearly potentials for the S enantiomers would apply to the R

(panels a—c) and circularly polarized light (panels d—f). Figure enantiomers.
4a shows the three-dimensional perspective view of the Since this trapping is a near-field effect, the trapping potential
calculated two-dimensional (2D) trapping potentials on the S decays when the particles are positioned farther away from the
enantiomers at 20 nm away from the aperture, cut through the aperture. Figure Sa shows the maximum trapping potential
x—2z plane to reveal the shape of the potential wells. Figure 4b depth or barrier as a function of the distance away from the
shows the same trapping potentials on the R enantiomers, again aperture for a pair of enantiomers with k = +0.6. Although the
cut through in the x—z plane. Figure 4c shows the one- trapping potential depth decreases for the S enantiomers as the
307 DOI: 10.1021/acsphotonics.5b00574
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particle—aperture separation increases, the potential barriers for
the R enantiomers remain positive. Therefore, only the S
enantiomers will be trapped when the aperture is illuminated
with LCP light, regardless of specimen distance above the
aperture. Stable trapping occurs when the particles are within
20 nm of the aperture.

In the above analysis, we have chosen a fixed chirality of the
particle. In Figure Sb, we show the maxima of the trapping
potential depth as a function of chirality x with both left-hand
(LCP) and right-hand incident polarizations (RCP) at z = 20
nm away from the aperture. Figure S indicates the current
geometry of the nanoaperture can provide stable trapping of S
enantiomers with LCP incident light for chiral specimens with
chirality between 0.2 and 1. However, this chirality is still much
larger than that of a natural chiral material. To extend the
current trapping scheme, the nanoparticle can be immersed in a
medium with a matched refractive index. Such index-matching
improves the enantioselectivity because it reduces the
contribution of the dielectric gradient forces while maintaining
the differences between the chiral gradient forces. Notably,
when the same chiral particle is immersed in a higher refractive
Re(a) \
ma)
lowered (see Figure S2 in the Supporting Information). As
shown in Figure 5S¢, a reduced index contrast between the
particle and the surrounding medium reduces the depth of the
potential well, but maintains the difference between the
trapping potentials of the enantiomers. When the index of
the medium matches that of the particle, the contribution of the
dielectric gradient force in eq 3 is minimized; consequently, the
coaxial aperture traps only one enantiomer while repelling the
other for any nonzero chirality.

In conclusion, we have shown that selective optical trapping
of small particles based on their chiralities is theoretically
possible using a properly designed nanoaperture. Our results
show that our current aperture design can stably trap S
enantiomers with matched handedness of the incident light
within 20 nm from the aperture, while the R enantiomers
remain untrapped due to a positive trapping potential at the
same locations. This feature precludes the necessities to
consider the pulling forces in the z direction, although our
calculations show that the pulling forces are enhanced for the S
enantiomers and reduced for the R enantiomers (see Figure S1
in the Supporting Information). Our design provides an
alternate route toward enantiopure chemical syntheses and
enantiomer separations in pharmaceuticals. The potential
impact of this technique extends beyond pharmaceutical
development to a single-particle sensor that can detect and
trap chiral specimens with a specific chirality at low
concentrations. Using such probes, one can trace chirality
changes of a single chiral particle or molecule and study its
dynamic interactions with other chiral compounds.

index medium, the ratio between polarizabilities (
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