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ABSTRACT: Self-assembled plasmonic structures combine
the specificity and tunability of chemical synthesis with
collective plasmonic properties. Here we systematically explore
the effects of symmetry breaking on the chiroptical response of
an assembly of plasmonic nanoparticles using simulation. The
design is based on a tetrahedral nanoparticle frame with two
different types of nanoparticles, where chirality is induced by
targeted stimuli that change the distance along one edge of the
assembly. We show that the intensity, spectral position, and
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handedness of the CD response are tunable with small structural changes, making it usable as a nanoscale plasmonic ruler. We
then build upon this initial design to show that the symmetry breaking principle may also be used to design a chiral pyramid
using a mixture of different nanoparticle materials, which affords tunability over a broad spectral range, and retrieves nanoscale

conformational changes over a range of length scales.
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hiral molecules are essential to biological systems and

have found widespread application in pharmaceuticals,
asymmetric synthesis, and catalysis." Characteristically, chiral
molecules exhibit circular dichroism (CD), the differential
absorption of left and right handed circularly polarized light.
Analogously to molecular systems, inorganic chiral plasmonic
structures can be designed by controlling the spatial placement
of achiral nanoparticles in an assembly, as recently demon-
strated in structures such as helices, pyramids, and twisted
nanorod pairs.”~'® Notably, the figure of merit for chirality,
defined as the ratio of the CD signal to the extinction, can be
considerably larger in plasmonic systems than in molecular
systems. Chiral nanostructures have been proposed for
applications including negative index media, broadband circular
polarizers, slow light applications, and enantioselective photo-
chemistry."' "

Chiral assemblies of plasmonic nanoparticles are part of a
larger class of self-assembled metamaterials, where optical
signatures may be actively tuned and switched through
interations with external stimuli.'*'® DNA, in particular, has
been explored extensively as a tunable chemical linker between
nanoparticles, where Watson—Crick base pairing organizes
nanoparticles in solution into discrete structures or large-area
lattices."®™"” The length and arrangement of unit cells can be
initially controlled through design of specific base pair
sequences. These lengths and arrangements can then be
actively tuned through the addition of restriction enzymes or
transcription factors that target specific recognition sequences,
by external fuel strands that interact with particular DNA
structures such as stem loops or rotaxanes, by light when
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photoswitches are directly synthesized into the DNA strands, or
by nonspecific external stimuli such as temperature, pH, and
ionic strength.”*~>* Examples of switchable plasmonic chiral
assemblies to date include assemblies anchored to a substrate,
heterodimers, and tetrahedra.”*~>’ Lithographic photoswitch-
able chiral metamaterials have also been demonstrated.”®

Tetrahedral DNA structures with nanoparticles attached at
the vertices form one of the most-studied chiral plasmonic
nanoparticle assemblies. As discussed in previous literature,
asymmetry can be designed into this structure through the use
of particles of different shapes, sizes, or compositions
(substitutional chirality), or through the use of unequal
interparticle distances (configurational chirality).*®”?® Specific
implementations in the tetrahedral geometry include substitu-
tional tetrahedra with four different size Au nanoparticles at the
vertices and symmetric edge lengths, and configurational
tetrahedra with four similarly sized nanoparticles and different
edge lengths.** It has recently been shown both theoretically
and experimentally in plasmonic tetrahedra that chirality
induced by configurational asymmetry produces a more
significant CD response than that induced by substitutional
asymmetry.6’29

In this paper, we use simulation methods to explore the
influence of symmetry breaking on CD spectra using a variant
on the tetrahedron structure consisting of two pairs of
nanoparticles with one unequal edge length. In this structure,
chirality is determined by motion along one arm. We explore
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Figure 1. Schematic of DNA-assembled chiral pyramids. (a) Achiral pyramid with two different sizes of nanoparticles and equal edge lengths (left).
Shortening the red-black edge breaks the mirror plane and induces chirality (middle). Shortening the blue-black edge produces the opposite
enantiomer (right). (b) Schematic overview showing how monoconjugated DNA-Au nanoparticles combine to form a pyramid, with each DNA

strand forming one face of the final structure.

the connection between CD spectra and structure of the
tetrahedron using realistic synthetic constraints and compare
this structure to substitutional and configurational designs. The
structure is spectrally sensitive to small changes in distance
through wavelength, intensity, and changes in sign. We then
discuss the design constraints on the system, showing that the
pairs of nanoparticles may consist of different materials and that
it is not necessary for their resonances to match. We find that
systems consisting of different plasmonic metals are more
sensitive to structural changes but also exhibit reduced CD
intensity compared to systems with nanoparticles of the same
material. This tetrahedral geometry holds synthetic advantages
over substitutional and configurational geometries and may find
application as a switchable metamaterial or nanoscale ruler.

B RESULTS

The design we present utilizes the principle of symmetry
breaking to induce tunable chirality in a tetrahedral assembly of
nanoparticles. We first consider the structure shown schemati-
cally in Figure 1, with straight lines depicting the DNA frame
for clarity. On the left is an achiral tetrahedron where the
tetrahedron frame is designed with equal edge lengths and two
different sizes of Au nanoparticles are attached to the vertices.
This structure is not optically active as it contains mirror planes
and therefore improper rotation axes. Chirality is induced by
shortening one edge of the DNA frame to break the mirror
planes, as depicted with the red arrow forming the middle
schematic. Shortening the opposite arm (blue-black side in
Figure 1) creates the enantiomer, as shown in the third
schematic of Figure la. The magnitude of the CD signal is
correlated to the difference between the edge lengths: the
greater the difference between the targeted edge length and the
nontargeted edge lengths, the stronger the chiroptical effect.
To understand some of the advantages of this design, it is
useful to consider the synthetic process that has previously
been employed to assemble tetrahedra of nanoparticles, shown
schematically in Figure 1b.* Previous work has demonstrated
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the synthesis of tetrahedral assemblies with four different Au
nanoparticle sizes attached to the vertices, and with asymmetry
built directly into the frame, but it is straightforward to describe
the extension to the system considered here.*”® First Au
nanoparticles of a given diameter are combined with thiol-
modified DNA. This forms a statistical mixture of products,
including unmodified Au nanoparticles, monoconjugated DNA-
Au nanoparticles, and higher order oligonucleotide conjugates.
The monoconjugated DNA-Au product is isolated from the
solution using a purification step such as high performance
liquid chromatography (HPLC), gel electrophoresis, or density
gradient centrifugation.”> This procedure is repeated to create
four distinct solutions of monoconjugated DNA-Au particles: in
this case, two with 10 nm particles and two with 20 nm
particles, each with a different DNA sequence. The solutions
are combined in pairs and then into one mixture to form the
final tetrahedral structure. As depicted in Figure 1b, each face of
the tetrahedron is formed by one of the original DNA strands,
which is complementary to a portion of the other three. The
nanoparticles are located at the vertices of the tetrahedron,
attached by a flexible thiolated linker.

Previous work on DNA tetrahedra has demonstrated that,
due to the design of DNA with helical turns at the corners of
the frame, enantiomers form in >95% enantiomeric excess.**>!
The enantiomer formed in a static structure is therefore
determined through the initial synthetic design, either through
the choice of different nanoparticle sizes or through the original
length of the DNA strands used during assembly. The number
of base pairs is chosen to have an integral number of half helical
turns per side for stability. This makes the formation of
tetrahedra with six unequal edge lengths challenging, as the
structures must both be thermodynamically favorable and
contain sufficiently small interparticle distances for effective
plasmonic coupling. In the design presented here, only one
edge of the tetrahedron frame needs to be of a different length
from the other five, permitting the formation of more stable
structures while preserving strong optical activity. This hybrid
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design thus potentially affords both synthetic ease and
functional optical response.

To study the effect of symmetry breaking on this initial
tetrahedron design, we utilized a coupled dipole approximation
simulation method with realistic parameters dictated by
experiment, similar to the methods reported elsewhere.”*
The model fixes the dimensions of the DNA frame (10 nm on
all edges except for the symmetry-breaking edge) and positions
the nanoparticles off of the vertices of the tetrahedron as
though they were attached by a linker molecule. The DNA is
not modeled explicitly, except to determine the positions of the
nanoparticles spatially in relationship to the frame and linker.
As the distance is changed along the targeted edge, it is kept
fixed on the nontargeted edges, and the positions of the
nanoparticles in space are recalculated for each new
configuration. The nanoparticles are 10 and 20 nm in diameter,
and the polarizability of each Au nanoparticle is modeled as a
perfect sphere using Johnson and Christy data for the
wavelength-dependent complex permittivity.”> The assemblies
are assumed to be in water, as the refractive index of a low
concentration tris buffer is not significantly different. We
calculate the circular dichroism of the system as the difference
in molar extinction under left and right handed circularly
polarized light, integrated over all angles of incidence.

CD = (014 — Oru)a

The calculations account for the freely rotating tetrahedron in
solution by rotating the direction of illumination over all of the
possible angles, since this is mathematically equivalent to
rotating the structure. Further details of the calculation method
are provided in the Supporting Information (SI).

There are a few significant differences between consid-
erations of this system and lithographically designed chiral
structures. First, in the latter case, handedness is typically
dependent on the direction of illumination.”” In the system
under consideration here, we integrate over all angles of
incidence similar to a structure rotating in solution. Second, we
deliberately focus on small nanoparticles here, similar to those
that are synthetically accessible, placing these assemblies in a
different coupling regime than assemblies of larger nano-
particles and small interparticle spacings which have been
explored lithographically.”

Figure 2 shows the result of calculations of the extinction and
circular dichroism of this tetrahedron design as the distance on
the symmetry-breaking arm is changed. This is analogous to the
experiments described earlier where an external stimulus targets
one edge of the tetrahedron. Figure 2a plots the calculated
extinction of this assembly for linearly polarized excitation,
showing there is no significant change in the peak wavelength
or intensity as the configuration of this assembly changes. In
contrast, Figure 2b shows the CD spectrum as the distance
along the symmetry-breaking arm lengthens, exhibiting
significant spectral tunability. Plasmon coupling as visible in
extinction is therefore not a necessary prerequisite for
plasmonic CD response: by detecting the difference between
polarizations, CD is a more sensitive technique over this length
scale than extinction. The CD spectrum exhibits a characteristic
bisignate shape. The intensity of the CD spectrum increases as
the distance of the symmetry-breaking arm is modified from the
symmetric length of 10 nm, with the most intensity at the
shortest distance considered here (6 nm). As plasmonic
coupling scales with the distance between elements, it is
expected that bringing the plasmonic nanoparticles closer
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Figure 2. Calculated extinction and CD spectra for pyramids as
distance changes along one edge. (a) Extinction of pyramid calculated
with linearly polarized light. (b) Circular dichroism spectra for
enantiomer pictured in the inset of (a). (c) Circular dichroism for the
opposite enantiomer. The particle diameters are 10 and 20 nm and the
nontargeted edge lengths are fixed at 10 nm.

together will produce a stronger response. Notably, the CD
spectrum of the assembly switches sign when the targeted arm
is shorter/longer than the symmetric length of 10 nm. Control
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Figure 4. Calculations of pyramids with other materials. (a) Symmetry breaking pyramid design with Au and Ag nanoparticles. The distance between
one Au particle and one Ag particle is varied (red-black edge) while the others are fixed at 10 nm. All nanoparticles are 20 nm in diameter. (b)
Symmetry breaking pyramid design with two Au nanoparticles and two TiO, nanoparticles. The distance between one Au nanoparticle and one TiO,
is varied while the others are fixed at 10 nm. All nanoparticles are 20 nm in diameter.

calculations where the edge between nanoparticles of the same
size is shortened, which does not break the mirror planes of the
assembly, do not exhibit CD and are shown in Figure S2 of the
SL

The sign of the CD spectrum also switches depending on
which symmetry-breaking arm is targeted. Figure 2c shows the
effect of shortening the other symmetry-breaking edge of the
tetrahedron to form the enantiomer of Figure 2b (blue-black
lines in Figure 1). Changing the distance of this arm from 6 to
1S nm similarly switches the handedness, but in the opposite
direction from the structure in Figure 2b. As will be discussed
in more detail later, the intensity, sign, and spectral character-
istics of the CD spectrum of this assembly encodes nanoscale
structural information about the assembly under distortion.

The ability of this structure to switch handedness is directly
related to the breaking of the mirror plane illustrated in Figure
la. Figure 3a shows the results of a similar calculation on a
substitutionally asymmetric tetrahedron, using nanoparticles of
5, 10, 15, and 20 nm diameter. The data is represented as a
color map here, showing the CD spectrum (y-axis) as the
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distance along one arm is changed (x-axis). Overall, the
magnitude of the calculated CD spectrum is significantly
smaller than in the configurational case. The direction of the
CD does not switch as the handedness is determined by the
spatial arrangement of the four nanoparticles rather than
asymmetry in the frame. However, the CD response is most
intense at the two extremes in distance, indicating that the CD
is strengthened by the additional asymmetry.

The principle of symmetry breaking to switch handedness
can be used to design more complex structures, such as the
configurational asymmetry design studied in Figure 3b. In this
case, the four nanoparticles are the same size (20 nm) and
asymmetry is built into one face of the tetrahedron. The length
of side a changes, side b is fixed at 8 nm, and side c is fixed at 12
nm. The remaining three sides are 10 nm in length. For clarity,
a schematic of the frame without the nanoparticles is shown.
The length of side a is changed from 8 to 15 nm, as shorter
distances result in touching nanoparticles. As the ratio of side
lengths changes from a < b < c to b < a < ¢, the handedness of
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the tetrahedron switches. As it transitions into b < ¢ < g, the
handedness reverses a second time.

Notably, this design does not require that the nanoparticles
have matching resonances. As CD arises from the spatial
configuration combined with the different extinction properties
of the nanoparticles, it is not necessary to use identical
nanoparticles, or even all plasmonic nanoparticles. Figure 4
explores two cases where the symmetry is broken by using two
different materials rather than different diameters of Au
nanoparticles. The setup is identical: we start with an achiral
assembly of two Au and two other (Ag or TiO,) nanoparticles
(all 10 nm in diameter) and induce chirality by breaking the
mirror plane by shortening or lengthening one edge. Figure 4a
shows the predicted response for the Au/Ag pair.** CD is
predicted to occur at the Au resonance at 520 nm as in the
structures in Figure 2, and also near the Ag resonance near 400
nm. The CD features around the Ag resonance are more
intense, as has been observed in plated Ag assembled
structures.” Significant tunability of the wavelength is observed
with distance as well, as will be discussed in more detail later.
Figure 4b illustrates the case where the opposite nanoparticles
are not plasmonic, using TiO, as the opposite pair. In this case
the CD spectrum around the Au resonance at 520 nm is
considerably weaker, but still present, and still switches
handedness with changing distance along the targeted arm.
This points to the possibility that a dimer of Au nanoparticles
embedded in a chiral dielectric medium may still exhibit CD.
We note that this is consistent with experimental measurements
on structures with substitutional asymmetry using combina-
tions of Ag, Au, and quantum dots.>*¢

A natural application of this structure is as a nanoscale optical
ruler to retrieve structural information about the assembly
under dynamic conditions. Tunable DNA tetrahedra have been
demonstrated using DNA hairpins that are sensitive to stimuli
such as protons, ATP, or Hg ions, as well as photosensitive
oligonucleotides modified with azobenzene moieties.>>>’ In
this case, information about the nanoscale structure can be
retrieved by monitoring the sign and spectral positions of the
peaks in the CD spectrum in Figure 2 that are strongly
dependent on distance along the targeted arm. We have already
identified from Figure 2 that the interactions on different sides
of the tetrahedron can be distinguished by the sign of the
resulting CD spectrum, as seen by comparing Figure 2b and 2c.
Figure S shows the calculated peak positions from the spectra
in Figure 2, comparing the tetrahedron to a dimer of 20 nm
particles separated by the same distance. The CD spectra
maxima and minima are shown as the red and blue lines,
respectively, as both the peak and the valley could be reliably
determined from each spectrum. The greatest shift in the
spectral position of the CD maxima and minima occurs at
distances close to the symmetric length of 10 nm. This is in
contrast to a standard plasmon ruler based on extinction in
dimers, where the greatest shift in spectral position occurs at
the shortest distances. For example, as the distance along the
targeted arm changes from 10 to 11 nm, the valley of the CD
spectrum changes by 10 nm, from 550 to 540 nm. As the edge
becomes significantly shorter (or longer) than 10 nm, the
spectral position dependence is weaker in wavelength; changing
the distance from 7 to 8 nm changes the CD spectral peak and
valley by only 1 nm. The peak position in linear extinction from
both the tetrahedron and the 20 nm Au dimer exhibits little
change in spectral position with respect to wavelength. The
structure therefore functions as a chiral plasmon ruler where
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the wavelength dependence and sign of the spectroscopic CD
signal provide information about the nanoscale distances in the
assembly.

Additional three-dimensional information can now be
understood from the assembly in Figure 4a of the Au—Ag
pairs. Figure 6 shows the evolution and sign of these peak
positions as the length of the targeted arm is changed. Figure 6a
represents the data as a color map over a broad spectral range,
with the overlaid lines representing the peak position of the CD
local maxima (black) or minima (white). Figure 6b,c shows the
spectral dependence of each of these peak positions in more
detail. In this case, monitoring different spectral regions allows
for the retrieval of distance information across a broader range
of distances. To monitor a change from 7 to 8 nm in distance,
monitoring the spectral peak near 515 nm now shifts by 5 nm.
Other CD peaks in this range have spectral shifts from 2 to 3
nm. For a targeted arm distance change from 9 to 10 nm, one
of the valleys shifts from $37.6 to 520.9 nm (where the CD
switches handedness). Therefore, different CD bands could be
monitored to span a larger range of distances along the targeted
arm, while preserving the same high-resolution as the structure
in Figure S. Figure S3 in the SI shows the change in maximum
and minimum in the substitutional and configurational chiral
tetrahedra discussed in Figure 3, illustrating the importance of
the change in handedness in retrieving nanoscale information.

The ideal self-assembled, tunable structure is one that shows
dramatic changes in response to the desirable external stimulus,
but is stable a§ainst small fluctuations in solution or fabrication
imperfections.”* Stability against both of these parameters
will be critical for application either as a three-dimensional
sensor or as a switchable chiral metamaterial. Figure 7a shows
the CD spectrum of the perfect tetrahedron explored in Figures
2 and S, represented as a color map with length of the
symmetry-breaking arm along the x-axis and wavelength along
the y-axis. The bisignate nature of the spectrum is visible in the
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different colors, and the sign of the CD spectrum switches as
the length of the targeted arm increases.

Under realistic synthetic conditions, nanoparticles will exhibit
variation in diameter. Figure 7b shows the same calculation as
Figure 7a considering polydispersity of the nanoparticle
diameters. For each simulation, nanoparticle diameters were
chosen from a normal distribution assuming 10% standard
deviation and a mean size of either 10 or 20 nm. This
distribution is comparable or larger than typically observed
experimentally in nanoparticles. In the experimental system, the
spatial arrangement of each nanoparticle relative to each other
within the assembly is determined by the initial DNA
conjugation step (as each DNA strand contains a specific
base pair sequence that can only bind one way). The two
smaller nanoparticles, regardless of polydispersity, will attach to
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the same two points of the tetrahedron, and similarly for the
two larger nanoparticles. Therefore, the calculation was
performed by first constructing a tetrahedron with nanoparticle
diameters drawn from the distribution, and then changing the
distance along a targeted edge for a given assembly while
integrating over all angles of incident light. As CD is typically
an ensemble measurement, the spectra from 50 sets of
nanoparticle diameters were averaged to produce Figure 7b.

As can be seen by comparing Figure 7a and b, polydispersity
of nanoparticle diameters does not have a significant effect on
the CD tunability with symmetry breaking. The intensity of the
CD spectrum depends strongly on the diameter of the
nanoparticles at these distances, increasing substantially with
larger particles. Even if the nanoparticle diameters are chosen to
be closer together with some overlap in their distributions, such
as 10 and 15 nm, a sufficient number of tetrahedra in the set
have the correct handedness and the CD spectra are not
significantly noisier, as shown in the SI. Polydispersity of
nanoparticle diameter is, thus, not expected to significantly
impact the optical design.

The distance along the nontargeted arms, and particularly the
flexible linker between the DNA and the Au nanoparticle, will
also vary, and Figure 7c shows the result of calculations
considering these fluctuations. The distances on the non-
targeted sides are chosen from a normal distribution with a
mean length of 10 nm and a standard deviation of 1 nm. In this
calculation, a single tetrahedron is assumed to be constantly
fluctuating while the distance on the targeted arm is modified in
response to the stimulus. The calculation is performed where at
each specified distance of the targeted arm (6—1S5 nm) different
edge lengths for each of the nontargeted arms are chosen
randomly from the distribution. This procedure is repeated 50
times, and the average spectrum is shown in Figure 7c. The
main features of the symmetry breaking tetrahedron design are
preserved when considering distance fluctuations, although
there is more variation than in the polydispersity calculations.
The spectrum is noisier, since for a single tetrahedron the
length of the nontargeted arms when the targeted arm is 6 nm
is not the same as the length of the nontargeted arms at a
targeted distance of 6.1 nm. Nevertheless, the sign of the
handedness inverts as the targeted arm’s length is changed, the
peak spectral positions of the CD spectrum shift similarly to
those in Figure 7a, and the intensity of the CD spectrum is
highest for the shortest edge length. Since in a realistic
experiment these fluctuations will occur rapidly and will include
many more than 50 variations, we conclude that this design is
relatively stable against nonspecific modifications.

B CONCLUSIONS

The chiral plasmonic assemblies described here are designed
using symmetry breaking principles to tune and invert the CD
signal. This geometry with two pairs of nanoparticles and one
asymmetric edge length is a viable option for experimental
systems, requiring only a single stimuli-responsive portion of
the structure to tune and switch the spectral position, intensity,
and sign of the CD signal. This makes the chiral tetrahedron an
effective plasmon ruler, capable of detecting small changes in
nanoscale structure at longer distances than are observable in
extinction. The pairs of nanoparticles may be the same material
with different sizes, or different materials that are not all
plasmonic. We find that using two different materials increases
the sensitivity over a longer range of distances but also
decreases the overall magnitude of the CD signal. Finally, we
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