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The high local fields exhibited by noble-metal nanostructures
excited at their plasmon resonance make them strong candidates
for molecular sensing with an optical readout in the visible to near-
infrared range. For instance, surface enhanced Raman scattering
(SERS) provides spectroscopic information on probe molecules
placed in electromagnetic hot spots with up to single-molecule
sensitivity (SM-SERS).1 However, SM-SERS is typically observed
for molecules aggregated by chance between closely spaced
particles where the field is highest.1 As a step toward SM-SERS
by design, we demonstrate here the synthesis of well-defined
groupings of 5, 8, and 18 nm diameter Au particles with nanometer
spacings (Figure 1b-d). These structures are readily obtained by
hybridizing monoconjugated DNA-particle building blocks (see
Figure 1a). Generalized Mie theory calculations show that these
particle groupings feature intensity enhancements that reach 4 orders
of magnitude and provide guidelines to further optimize these local
fields.
Theoretical studies have demonstrated that particle aggregates

only exhibit high-enough local fields to justify SM-SERS when
spacings reach a few nanometers,2 introducing the concept of
coupled metal particles as nanolenses.2b Such a distance is beyond
the resolution of typical top-down fabrication procedures like
e-beam and optical lithographies or focused ion-beam milling.
Numerous studies have recently been devoted to novel bottom-
up,3a-c electrochemical,3d,e or optical3f techniques for the fabrication
of coupled plasmonic nanostructures as SERS active substrates. One
particularly promising procedure is the assembly of noble-metal
nanoparticles on DNA scaffolds. DNA molecules can be pro-
grammed to self-assemble into complex 2D and 3D objects.4
Furthermore, gold nanoparticles can be readily linked to a controlled
number of thiolated DNA molecules, allowing the synthesis of
discrete 5 or 10 nm diameter gold particle groupings.5 Using more
complex DNA scaffolds, extended6a,b or dynamic6c particle as-
semblies were recently demonstrated.
Most published DNA templated gold nanostructures feature

interparticle distances of tens of nanometers.5,6a,b In order to bring
particle spacings down to the nanometer range, we functionalize
one gold nanoparticle with a 5′ thiolated DNA molecule and the
other with the 3′ thiolated complementary strand (see Figure 1a).
Following published procedures,5 we use electrophoresis to isolate
phosphine-coated 5, 8, and 18 nm diameter particles functionalized
with a known number of thiolated DNA single strands (see
Supporting Information (SI) for further details). 8 nm Au particles
linked to one single 100-base single-stranded DNA molecule (100b
ss-DNA) yield building blocks 1 (see Figure 1a). More complex
building blocks can be synthesized by sequential monofunctional-
ization with DNA strands of different sequences and lengths such
as 2 with two 50b and 100b ss-DNA molecules. DNA hybridization
drives the assembly of 3, 4, and 5, which are then imaged by
electron microscopy (EM, Figure 1b-d). These asymmetric ge-
ometries are chosen not only to study the influence of relative

particle sizes and curvatures but also to ensure the obtained
groupings did not result from random aggregation. Analysis of the
EM images allows us to estimate final sample purities of 75%,
60%, and 50% for 3, 4, and 5, respectively (see SI). In practice,
70% of groupings 3 (Figure 1b) exhibit particle spacings below 1
nm with similar values for 4 and 5.
We use generalized Mie theory (GMT) to model plasmon mode

coupling in groupings 3, 4, and 5. This method is based on the
spherical vector wave expansion of electric and magnetic fields in
each particle reference frame followed by a translation in the
aggregate coordinate system.7 It allows for an analytical description
of the multiple scattering processes occurring in sphere aggregates
excited by an incoming plane wave. For computational reasons,
the spherical expansion must be limited to maximum multipolar
and scattering orders for which convergence is verified. Figure 2a
shows the maximum intensity enhancement (Ienh), compared to the
incoming field, estimated for groupings 3 and 4 with particle
spacings ranging from 0.5 to 5 nm (n ) 1.5 refractive index
environment). The gold dielectric constant is taken from published
experimental data8 and corrected for the particle size, as it is
comparable to the electron mean free path in Au9 (see SI). Ienh is
estimated at the resonance for the longitudinal plasmon mode, where
the enhanced fields are highest. Resonance frequencies are derived
from the scattering cross section of the particle grouping with an
incoming polarization parallel to the dimer. At spacings smaller
than 1 nm, Ienh typically reaches 3 orders of magnitude and up to
4 orders in 4. The maximum field is always found at the surface of
the smaller particle since it features the highest curvature. Compar-
ing 0.5 and 5 nm spacings, Ienh drops by nearly 2 orders of
magnitude, demonstrating the need for interparticle distance
minimization as offered by our synthetic scheme. Stronger enhance-
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Figure 1. (a) Nanoparticle assembly scheme. 8 nm diameter Au particles
are attached to one 5′ thiolated 100b ss-DNA molecule to produce building
blocks 1. 1 is sequentially functionalized with a 5′ thiolated 50b ss-DNA
molecule to yield 2. Hybridization of 1 with 5 and 18 nm diameter Au
particles monofunctionalized with the 3′ thiolated complementary strand
yields structures 3 and 4. 5 is obtained by hybridizing 3 with 5 and 18 nm
particles monofunctionalized with the 3′ thiolated 50b and 100b comple-
mentary strands, respectively. EM images of 3 (b, TEM), 4 (c, SEM), and
5 (d, TEM). Bar is 100 nm.
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ment factors in 4 as compared to 3, at constant spacings, are due
to increasing particle polarizability for larger spheres. Ienh for 3 and
4 are nearly identical if plotted versus spacing/diameter, as this is
a good parameter of the plasmon coupling strength in particle
dimers.10 Furthermore, in dimers, Ienh increases with particle size
at a constant spacing up to sphere diameters of 60 nm after which
radiation damping brings the enhancement down (see SI). In our
experimental conditions, suspensions of phosphine-coated gold
particles can only be monofunctionalized with DNA for diameters
lower than 20 nm.
By combining spheres of decreasing diameters in grouping 5, it

is possible to couple longitudinal plasmon modes and progressively
increase the particle curvature.2b To keep the plasmon coupling
similar between consecutive spheres, we consider 1 and 0.5 nm
spacings between the 18-8 nm and 8-5 nm particles, respectively
(Figure 2b and c). Comparing an aligned grouping 5 to groupings
3 and 4 with identical spacings, we find that Ienh is similar between
the larger particles but is increased by a factor of 4 on the surface
of the 5 nm sphere (Figure 2c). The plasmon mode interaction is
dependent on the angle φ defined by the three particles. Figure 2b
shows the evolution of Ienh on the 5 nm particle for φ ranging from
60° to 180° (typically observed on EM images) while keeping the
incoming polarization parallel to the 8-18 nm particle axis. While
Ienh between the 8 and 18 nm particles is essentially independent
of φ, it varies over a factor of 30 on the 5 nm particle in this angle
range. The evolution of Ienh deviates substantially from a cos2(φ)
variation that would be expected for a dipolar plasmon interaction
(blue dashed line in Figure 2b). This demonstrates the influence of
higher multipolar modes at subnanometer interparticle spacings.
Figure 2c also shows that Ienh is significantly larger in 5 than in a
single 8-5 nm dimer (red line in Figure 2-b) for φ larger than
120°, which corresponds to about 30% of 5 according to EM
images. For φ smaller than 65°, the spacing between the 5 and 18
nm particles drops below 1 nm, explaining the increase of Ienh.
Calculations performed on 5 with larger particle spacings exhibit
similar evolutions of Ienh with φ. 5 thus features similar or larger
enhancement factors than the equivalent dimers 3 and 4 combined.

However, field optimization in 5 requires a rigid DNA template4a,b
where angle and spacings can be engineered.
In conclusion, we present a simple and reproducible method to

assemble gold nanoparticles on DNA templates with high purities,
nanometer spacings, and control over relative particle size. Mie
calculations predict field intensities enhanced by 4 orders of
magnitude in groupings 4 and 5, which should permit SERS
measurements using novel interferometric techniques adapted to
particles smaller than 20 nm.11 These nanostructures should,
therefore, feature high local fields in proximity to a well-defined
biomolecular backbone that can be further modified and function-
alized. Our calculations also pinpoint which parameters should be
tuned to optimize Ienh. In practice, larger passivated gold particles12
on rigid DNA templates4a,b should allow for plasmonic sensors with
single-molecule sensitivity.
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Figure 2. (a) Calculated maximum intensity enhancement (Ienh) in the gap
of groupings 3 (O) and 4 (b) for particle spacings ranging from 0.5 to 5
nm (n ) 1.5 dielectric environment). (b) Evolution of Ienh on the surface of
the 5 nm particle in groupings 5 (1 and 0.5 nm spacings), for φ ranging
from 60° to 180° and incoming polarization along the 8-18 nm particles
axis. The red line corresponds to Ienh in grouping 3 for 0.5 nm spacing, and
the dashed blue line is a cos2(φ) evolution. (c) Ienh (logarithmic scale) in
aligned 18, 8, and 5 nm spheres with 1 and 0.5 nm spacings, respectively.
25 multipoles and 30 orders of scattering are used for the calculation with
convergence verified for 4 with 0.5 nm spacing and 5 with 1 and 0.5 nm
spacings.
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