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Abstract

Hybrid nanostructures, in which a known number of quantum emitters are strongly

coupled to a plasmonic resonator, should feature optical properties at room tempera-

ture such as few-photon nonlinearities or coherent superradiant emission. We demon-

strate here that this coupling regime can only be reached with dimers of gold nanopar-

ticles in stringent experimental conditions, when the interparticle spacing falls below

2 nm. Using a short transverse DNA double-strand, we introduce 5 dye molecules in

the gap between two 40 nm gold particles and actively decrease its length down to

sub-2 nm values by screening electrostatic repulsion between the particles at high ionic

strengths. Single-nanostructure scattering spectroscopy then evidences the observation

of a strong-coupling regime in excellent agreement with electrodynamic simulations.

Furthermore, we highlight the influence of the planar facets of polycrystalline gold

nanoparticles on the probability of observing strongly coupled hybrid nanostructures.

Keywords: strong coupling, plasmonics, DNA nanotechnology, self-assembly, scattering

spectroscopy, dye molecules
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At room temperature, light-matter interactions in condensed media are fundamentally

limited by electron-phonon coupling. For instance, while the excitation cross-section of an

isolated atom, or of a single quantum emitter at cryogenic temperatures, can reach the

electric-dipolar unitary limit (about one half of the wavelength squared, meaning that more

than 50% of incoming photons should interact for a diffraction-limited excitation);1,2 this

value is reduced by 6-7 orders of magnitude for a fluorescent molecule or for a colloidal

quantum dot at room temperature because of homogeneous phonon broadening.3 In order

to render the optical properties of single quantum emitters (such as single-photon emission

and nonlinearities )4–8 efficiently accessible at room temperature and in condensed media, it

is essential to enhance and optimize these interaction cross-sections.

One solution is to strongly couple quantum emitters to an optical cavity that exhibits a

large optical interaction cross-section, leading to the appearance of hybridized polaritonic

eigenmodes.9,10 With N emitters, coherent many-body effects should arise such as superradi-

ance,9,11 but a strong coupling regime also provides degrees of freedom to actively tune pho-

tophysical and chemical processes such as energy transfer12–14 or reactivity landscapes.15–17

In the case of a single quantum emitter, it should allow optical properties, such as single-

photon nonlinearities and ultrafast switching, to be accessible at room temperature.4,5,7,8

Single-emitter strong coupling in microcavities has been demonstrated in a controlled and re-

producible way at cryogenic temperatures.4,7,8,18 However, homogeneously-broadened emit-

ters at room temperature can only efficiently couple to low-quality resonators that must

therefore confine and enhance the electromagnetic field in deeply sub-wavelength volumes

to preserve strong Purcell factors.19 This is achievable with plasmonic resonators, especially

when strongly coupled to a large number of emitters with strong oscillator strengths such as

J-aggregates.9,10,20–23 Room-temperature single-molecule strong coupling was also demon-

strated24 in self-assembled resonators,25–27 in top-down fabricated nanocavities28 or using

scanning-probe microscopy.29

Resonators obtained using self-assembly and lithography have the strong advantage of being
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scalable but do not allow an active modulation of the position of the emitter in the res-

onator and, in general, the number of emitters is not known a priori,25,26,28 or the coupling

strength is below the visibility criterion for strong coupling.27 On the other hand, in the case

of scanning probe microscopy, it is possible to directly control the position of one emitter

with respect to the resonator at the nanoscale29 but this approach is not scalable.

We demonstrate here that DNA-based self-assembly30–32 provides an active control over

both the number of emitters and their position, at the nanoscale, in a resonant dimer of

gold nanoparticles (AuNPs). We develop a robust self-assembly strategy that exploits a

single 50bp DNA double-strand and an active modulation of the local ionic strength in order

to produce 40 nm AuNP dimers with sub-2 nm gaps in 80% of the sample, as experimen-

tally verified by single-nanostructure scattering spectroscopy. By introducing 5 ATTO647N

molecules on the DNA strand, we demonstrate that hybrid strongly-coupled modes are only

observed in the scattering spectra of single dimers when the interparticle distance decreases

below 2 nm. From the spectral positions of the measured hybrid modes, we can infer coupling

strengths ranging between 50 meV and 150 meV, in excellent agreement with theoretical cal-

culations. Furthermore, electrodynamic simulations suggest that the low probability with

which strong coupling is observed, is due to the planar facets of the employed polycrys-

talline 40 nm AuNPs. These results thus evidence how few-molecule strong coupling can be

achieved in plasmonic resonators with an active control of the number of emitters and of the

interparticle distance thanks to DNA-based self-assembly, and which parameters should be

optimized to reach this regime in a reproducible way.
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Results and Discussion

Theoretical investigation of visible strong coupling in dimers of gold

nanoparticles

The DNA-based assembly of dimers of plasmonic nanoparticles, with diameters ranging from

40 nm and 100 nm, has been shown to be a flexible and robust approach to enhance the spon-

taneous emission of single emitters in a weak coupling regime.19,33–40 In particular, it allows

a nanoscale control over the interparticle distance and over the position of the emitter in the

gap.19,34,36,38 This method also permits the controlled introduction of multiple emitters, in

particular to modulate resonant energy transfer.41–43 It is therefore an attractive approach

to efficiently couple a known number of fluorescent molecules to a plasmonic resonator in

order to reach a strong coupling regime.

To investigate whether single-molecule strong coupling is achievable in dimers of gold nanopar-

ticles, we use electrodynamic simulations to estimate the emitter-resonator coupling strength

g, which is defined as:44

g =

√
FpγpΓR0

2
, (1)

with Fp the Purcell factor of the resonator for a given position and orientation of the emitter,

γp the decay rate of the resonator, and ΓR0 the radiative decay rate of the emitter without

the resonator. The Purcell factor Fp is computed as the change in the local density of op-

tical states (LDOS) for the emitter, with a given position and orientation in the resonator,

relative to a homogeneous medium without the resonator.44 This is done by substituting the

quantum emitter for a classical electric dipole and estimating the total power that the latter

dissipates when coupled to the resonator Ptot, compared to the power radiated without the

resonator PR0, giving Fp = Ptot/PR0.
37,45 It is important to note that this computed Purcell

factor is emitter-independent as it does not take into account the initial quantum yield Φ0 of

the fluorescent molecule. It is possible to infer a relative change of the LDOS that takes Φ0
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into account and then substitute Γ0 for ΓR0 in equation 1, giving the same estimated value

for the coupling strength g. By estimating the Purcell factor with a purely radiative classical

dipole, the advantage is that changing the emitter will modify ΓR0 but not the computed

value of Fp.

It is also possible to estimate the radiative yield Φ of the resonator, for a given position and

orientation of the dipolar emitter, by computing the total power radiated by the classical

dipole PR with the resonator, namely Φ = PR/Ptot. As spontaneous emission from a coupled

molecule-plasmonic resonator system is dominated by the resonator, this radiation efficiency

is a good estimate of the final emission quantum yield.33,37

By approximating the gold nanoparticles as gold nanospheres (AuNSs), it is then possible to

compute the Purcell factor Fp and the radiative yield Φ for plasmonic dimers as a function

of the interparticle spacing using Mie theory46 or the Boundary Element Method (BEM)47

and for three particle diameters (40 nm, 60 nm and 80 nm), as shown in Figure 1-a. In this

case, the dipolar emitter is positioned in the center of the dimer and oriented longitudinally,

i.e. along the dimer axis. Furthermore, in Figure 1, we consider the maximum values of Fp

and g obtained when light radiated by the dipole matches spectrally the longitudinal mode

of the cavity (ωp). The dielectric constant of gold is taken from tabulated data,48 while

the refractive index of the environment is chosen at 1.4 to be compatible with experiments

performed on DNA-templated gold particle dimers.19,37,49 Since recent reports have shown

that classical electrodynamics simulations remain valid down to 1 nm gaps, but that quan-

tum tunneling significantly influences plasmon coupling for smaller spacings,50,51 we do not

perform calculations for sub-1 nm spacings.

Figure 1-a shows that the LDOS is significantly increased in the center of the dimer when

the spacing s is decreased, reaching values of Fp exceeding 105 for all particle diameters

when s is below 2 nm. For all interparticle distances, Fp is larger for 40 nm particles as

they locally feature larger curvatures at the position of the emitter than 60 nm or 80 nm

AuNSs. However, since smaller AuNSs feature lower scattering cross-sections, the radiative
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Figure 1: Theoretical investigation of strong coupling in dimers of gold nanoparticles. (a)
Computed relative change of the local density of optical states, or Purcell factor Fp (solid
lines), and radiative yield Φ (dashed lines), in dimers of 40 nm (blue data), 60 nm (green) and
80 nm (red) diameter gold nanospheres for a longitudinally coupled electric dipole positioned
in the center and as a function of the interparticle spacing s. For all values of s, the emission
wavelength of the dipole matches the resonance wavelength of the AuNS dimer. (b) Visible
strong coupling figure of merit 4g/(γp + γ0) (solid line, see text for details) as a function of s
in the same geometry as (a). (c) Computed Purcell factor Fp (solid lines), and radiative yield
Φ (dashed lines), in dimers of 40 nm AuNPs for a longitudinally coupled emitter positioned
in the center and as a function of the interparticle spacing s: perfect spheres (blue data) and
rounded icosahedra, assembled with parallel facets (light blue) or with a tip facing a planar
facet (dark blue). All particle volumes are identical. (d) Visible strong coupling figure of
merit 4g/(γp + γ0) (solid line) as a function of s in the same geometry as (c).

yield Φ follows the opposite trend: it is systematically larger for bigger spheres. We observe

a slight increase of the quantum yield when the resonance wavelength ωp corresponds to
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the minimum of the imaginary part of the dielectric constant of gold: for instance, for 60

nm AuNS dimers with a spacing around 3 nm or 40 nm AuNS dimers with s = 1 nm. In

practice, larger radiative damping in the resonator will increase γp: while this increases g,

it also reduces the visible energy splitting of hybrid modes in strong coupling by increasing

their spectral width.25,27

To estimate whether the computed LDOS increase is sufficient for the emitter-resonator

system to feature strongly-coupled hybrid modes, we consider a strong coupling figure of

merit which corresponds to a visibility criterion: the energy splitting Ω between the modes

should exceed the sum of half the linewidths of the initial uncoupled modes (γp
2

+ γ0
2

, with

γ0 the dephasing rate of the emitter).9,27 In practice, we compute the total damping rate of

the resonator γp and consider that the electronic resonance of the emitter ω0 matches the

plasmonic resonance ωp = ω0, meaning that Ω = 2g.9,27 In this case, the visibility criterion

simplifies as:

4g

γp + γ0
> 1 (2)

For typical fluorescent dyes, the radiative lifetime τR0 ranges between 2 ns and 7 ns: we

thus consider an initial decay rate ΓR0= 0.2 µeV (=h̄/τR0, with h̄ the reduced Planck con-

stant)27 to estimate g from the computed values of Fp and γp. In the literature, a wide range

of values were used for the dephasing rate γ0 of the emitter, ranging from 25 meV to 160

meV.9,24,25,44 Furthermore, recent measurements on single molecules indicate typical values

of γ0 around 20 meV.52 We therefore chose a conservative value of γ0 = 50 meV to infer the

strong coupling figure of merit as a function of the interparticle spacing in Figure 1-b.

We observe that, for a longitudinally-coupled emitter, single-molecule strong coupling should

be visible for 40 nm AuNS dimers when the spacing is below 2 nm, while the visibility figure

of merit is only larger than 1 for s =1 nm with 60 nm particles and remains below 1 with

80 nm AuNSs. These simulations therefore demonstrate that visible strong coupling with a

single emitter is particularly difficult to achieve in dimers of gold nanospheres. Furthermore,

these calculations show that it is essential to minimize the damping rate γp of the resonator by
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choosing smaller particles. However, this reduction is done by lowering radiative damping at

the cost of the radiative yield Φ. In practice, with 40 nm particles, strong-coupling is achiev-

able but the coupled system will feature a very weak emission quantum yield. This means

that scattering spectroscopy is then better suited than photoluminescence measurements to

analyze such hybrid nanostructures. We did not consider smaller spheres to further increase

Fp because their scattering cross-section would become too small for single-nanostructure

spectroscopy in darkfield microscopy.49,53

Figures 1-a-b only consider a longitudinally coupled dipolar emitter, positioned exactly in

the center of the dimer. However, DNA-based self-assembly does not allow a direct control

over the orientation of the emitter and other orientations of its transition dipole in plasmonic

resonators will reduce the coupling strength.19,27,35–37 In practice, the coupling criterion is

reduced by a factor of 2 when the emitter takes an orientationally averaged value of π/3 and

barely remains above 1 for s=1 nm (see Figure Figure S1-a of the Supporting Information),

evidencing that the probability of observing single-molecule strong coupling will be weak,

even at extreme nanoscale spacings. Furthermore, these simulations indicate that strong-

coupling will never be observed for transversely oriented emitters.

Since these calculations indicate that reaching single-molecule strong coupling in dimers of

nanospheres is experimentally challenging, it is interesting to consider whether it is possible

to include more than one emitter in the gap by computing the visible strong coupling figure

of merit as a function of the transverse position of the emitter in the gap. For longitudinally

coupled-emitters in a 1 nm interparticle spacing, strong coupling should remain visible when

the emitter is ±3.5 nm away from the dimer axis (see Figure S1-b). This leaves room for

several emitters to be positioned in the gap in order to couple coherently with the plasmonic

resonator. In the approximation that N emitters have the same coupling strength g with

the resonator, the total coupling strength is then multiplied by
√
N .9,10,22,44 To avoid co-

herent coupling between emitters, a relative distance of at least 1 nm should however be

maintained.21
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It is important to note that Mie theory calculations and BEM simulations agree quantita-

tively, demonstrating that BEM simulations are reliable even for extreme nanoscale gaps

between plasmonic particles and can thus be applied to the study of anisotropic particles

(for a 1 nm interparticle spacing, discrepancies remain below 5% as shown in Figure S1 of

the Supporting Information). It is therefore possible to analyze the influence of the nanopar-

ticle morphology if it deviates from a perfect sphere. Indeed, polycrystalline gold particles

typically feature faceted shapes that strongly influence plasmonic resonances.54,55 It was ac-

tually proposed that nanoscale facets, and the associated tips, have a strong influence on

the experimental observation of single-molecule strong coupling in self-assembled plasmonic

resonators.26 Indeed, high local curvatures, associated with a lightning-rod effect,56 should

increase the coupling strength g.

Faceted polycrystalline gold nanoparticles can be readily approximated as rounded icosahe-

dra in order to study the influence of nanoscale facets.55 Figures 1-c-d show the evolution

of the computed values of Fp, Φ and of the strong-coupling figure of merit as a function of

the particle shape, while considering the same volume of a 40 nm sphere. We consider two

extreme relative orientations for the rounded icosahedra: when the AuNPs assemble by two

planar facets or with a tip facing a planar facet. In the case of DNA-templated dimers of

colloidal particles, assembly by the tips has a very low probability of occurring as, at short

spacings, plasmonic particles assemble nearly systematically on their larger facets.57.

As expected, the highest expected Purcell factor and coupling figure of merit are observed

when one tip of the faceted nanoparticle is introduced in the gap in order to take advantage

of the lightning rod effect. The gain with respect to an ideal sphere is limited to ∼ 10%

because we considered a realistic local radius of curvature for the AuNP tip. In the more

probable case of an assembly with parallel facets, Fp is reduced by more than a factor of

2 compared to perfect spheres. Importantly, visible strong coupling should now be only

reached for spacings around 1 nm (Figure 1-d). On the other hand, because the particle

volumes are similar for all geometries, the radiative yields, Φ, computed in Figure 1-c do
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not depend significantly on the particle morphology nor on their relative orientation. Over-

all, the faceted shape of polycrystalline gold particles will introduce a strong dispersion of

emitter-resonator coupling strengths g and lower the probability of experimentally observing

strong coupling.

In practice, these theoretical investigations demonstrate that reaching sub-2 nm spacings

in AuNP dimers is essential to observe strong coupling with fluorescent molecules that are

introduced in the interparticle gap. Furthermore, they show that 40 nm AuNPs should be

favored but that photoluminescence will then be weak and that scattering spectroscopy is

better suited to characterize the optical properties of such hybrid nanostructures. Finally,

the emitter-resonator coupling strength remains large even when the transverse position of

the emitter is tuned by ± 3.5 nm (Figure S1-b), indicating that several molecules can be

coupled simultaneously with the resonator.

Reaching sub-2 nm interparticle spacings reproducibly

Generally, DNA-templated plasmonic dimers are produced with spacings ranging between

10 nm and 20 nm in order to have a nanoscale control over the interparticle distance and

over the position of a fluorescent emitter in the gap.19,33–40 However, smaller spacings can

be reached, in a controlled way, by assembling AuNPs with a DNA strand perpendicular to

the dimer axis.49,58 Furthermore, the interparticle distance can be actively and progressively

reduced by screening the repulsive electrostatic interaction between the negatively charged

AuNPs59,60 or by a thermal treatment.61,62 We combine these strategies by assembling poly-

crystalline 40 nm AuNP dimers using a 50bp-long DNA double-strand and studying their

plasmon resonance while actively increasing the local ionic strength (Figure 2-a). In prac-

tice, one AuNP is functionalized with a 50 bases long DNA single-strand featuring a trithiol

group on its 5’-end, while the other is functionalized with the complementary strand, for

which the trithiol moiety is on the 3’-end. Hybridization of the DNA strand then drives the

self-assembly of the dimer.49
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In order to exploit the DNA double-strand as a scaffold on which a controlled number of emit-

ters can be attached, it is essential to favor the assembly of dimers linked by a single DNA

double-helix and to minimize the number of other single-strands attached on the particle

surface. This is generally done by minimizing the amount of DNA strands functionalized on

the surface of the particles with which dimers can self-assemble.37,59 However, because DNA

strands are negatively charged like the gold nanoparticles, it is necessary to introduce an

excess of trithiolated DNA strands and charge-screening Na+ cations to achieve this.37,59,60

In that case, the DNA/AuNP ratio is larger than 10 and demonstrating that only one DNA

double-strand binds the dimer is generally performed indirectly by introducing a fluorescent

molecule on the DNA scaffold and observing photobleaching or photon antibunching.37

Alternatively, it is possible to functionalize gold nanoparticles with thiolated DNA single-

strands by lowering the pH in order to neutralize the phosphate backbone of the DNA.63,64

Using this strategy, we can assemble 40 nm AuNP dimers with a DNA/AuNP ratio as low

as 1.25, clearly evidencing that there is only one DNA double-strand that generally links

the particles of each dimer. After electrophoretic purification (Figure S2-a), both methods

provide similar results for the assembly of AuNP dimers but the DNA/AuNP ratio is ten

times lower in the case of the low-pH approach. We therefore use this technique to assem-

ble 40 nm AuNP dimers with a DNA/AuNP ratio lower than 2.5. In the obtained hybrid

nanostructures observed in electron microscopy (Figure S2-b), the polycrystalline gold par-

ticles feature rounded tips and 5-10 nm long facets, in good agreement with the rounded

icosahedra considered in the simulations of Figure 1-c-d.

Individual DNA-templated 40 nm AuNP dimers are then studied by scattering spectroscopy

in an inverted darkfield microscope, as shown in Figure 2. The dimers are kept in a buffer

solution in a homemade microfluidic chamber with one particle, functionalized with biotin,

linked to a Neutravidin-coated glass slide (see Figure S3). First measurements are per-

formed at low ionic strengths (NaCl concentration of 50 mM). In this case, the dimers

scatter green-yellow light with an average resonance wavelength of 560 nm, indicating in-
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terparticle distances of the order of 10 nm.59,60 This means that the DNA double-strand is

probably partially dehybridized because of electrostatic repulsion between particles.49

The local ionic strength is then progressively increased to 250 mM, and finally, 1 M in order

to reduce the interparticle spacings. As shown qualitatively on darkfield images, and quan-

titatively in the distributions of longitudinal plasmon resonance frequencies for 100 dimers

(Figure 2-c), the hybrid nanostructures experience a significant redshift of their resonance

wavelengths by about 100 nm.

At intermediate ionic strengths, plasmon resonance spectra exhibit a main redshifted longi-

tudinal mode and a transverse mode that generally appears as a shoulder (middle case in

Figure 2-b). The relative intensity of these two peaks under unpolarized white light depends

on the orientation of the dimer in the microfluidic chamber.59 The distribution of longitudinal

plasmon resonances provides an average wavelength of 602 nm, corresponding to interpar-

ticle distances around 4 nm.59 Such spacings typically indicate that the surface ligands on

the surface of the particles (short thiolated ethylene glycol oligomers) are in contact but are

not interpenetrated.59,60 It is not possible to observe this change of the interparticle distance

when increasing the ionic strength in electron microscopy, even in cryogenic conditions. In-

deed, at 250 mM NaCl, the colloidal suspension of self-assembled dimers is not stable and

the nanostructures would aggregate on each other. Aggregation between dimers is not ob-

served in the microfluidic chambers used for scattering spectroscopy as the nanostructures

are well-separated spatially with one biotin-functionalized gold particle of each dimer linked

to the Neutravidin-coated glass slide.59,60

At high ionic strengths, the second blueshifted peak is spectrally well-separated (right case

in Figure 2-b) but it does not only correspond to the transverse plasmonic mode. Indeed,

at short spacings, the transverse mode overlaps with a quadrupolar longitudinal mode65 as

shown in BEM simulations (see Figure S4). Importantly, at 1 M NaCl, single nanostruc-

ture spectra can be readily fitted by two energy-dependent Lorentzian functions in order

to estimate the resonance frequencies and linewidths of these two modes. The distribution
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Figure 2: Active reduction of interparticle spacings in DNA-templated 40 nm AuNP dimers
down to sub-2 nm gaps. Schematic representations of 40 nm diameter AuNP dimers attached
by a transverse DNA double-strand and typical darkfield images (a, scale bar is 2 µm),
typical single nanostructure resonance spectra (b) and distribution of longitudinal plasmon
resonance wavelengths (c) for three different local ionic strengths (NaCl concentrations from
left to right: 50 mM, 250 mM and 1 M). (d) Experimental resonance wavelengths and
linewidths of the experimental blueshifted (grey points) and redshifted longitudinal modes
(black points) measured at 1 M NaCl. The purple symbols correspond to simulated values
of the resonance wavelength and linewidth for the longitudinal mode of dimers of 40 nm
AuNPs with an interparticle spacing of 2 nm (hollow symbols) or 1 nm (filled symbols):
perfect spheres (circles) and rounded icosahedra with a tip facing a planar facet (diamonds)
or two parallel facets (squares).

of longitudinal plasmon resonances is separated in two groups with 20% of dimers having

resonances below 620 nm and 80% of dimers featuring resonances above 620 nm (average

value of 655 nm). In practice the dimers were left to incubate for 10 h at 1 M NaCl to

favor the interpenetration of the ligand shells on the particles;59,60 which allowed this large

spectral redshift for 80% of the studied dimers.
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To estimate more precisely the interparticle spacings for this majority of AuNP dimers at

high ionic strengths, the resonance wavelengths and linewidths of the blueshifted and red-

shifted plasmonic modes are plotted in Figure 2-d for the 80% of redshifted dimers and

compared to values estimated for the longitudinal mode using BEM simulations for spacings

s equal to 1 nm and 2 nm and for the three geometries considered in Figures 1-c-d for 40 nm

AuNPs: perfect spheres and faceted particles assembled by two facets or with a tip facing a

planar facet. We observe an excellent agreement between the experimental resonance wave-

lengths and the simulated values for rounded icosahedra when considering spacings ranging

between 1 nm and 2 nm and the different relative orientations of the two particles. With

perfect spheres, more than 30% of measured dimers feature resonance wavelengths that are

red-shifted with respect to the simulated values. Because quantum tunnelling effects tend to

blueshift the resonance wavelengths of dimers,51 considering spacings below 1 nm would not

provide a better agreement. These measurements thus clearly demonstrate that increasing

the ionic strength allows a reproducible and active reduction of the interparticle distance

with spacings ranging between 1 nm and 2 nm for 80% of the studied dimers, and that ex-

perimental measurements are in better agreement with simulations performed with rounded

icosahedra, highlighting the influence of nanoparticle facets.

We also observe that the linewidth of the blueshifted mode is significantly larger than the

longitudinal one. This is probably due to the spectral overlap between transverse dipolar

and longitudinal quadrupolar modes (Figure S4). Finally, we observe a small discrepancy

between the experimental linewidths and the simulated ones. While in all cases, experimen-

tal values are larger than the simulated ones, there is a better agreement with calculations

performed for rounded icosahedra with two parallel planar facets. Considering the exper-

imental observation that anisotropic particles tend to assemble along larger facets,57 this

indicates that our assembly scheme probably favors this relative orientation for polycrys-

talline particles.

The explanation for the larger experimental decay rate of the AuNP dimers compared to
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simulations could be due to the choice of the bulk dielectric constant of gold. Quantum tun-

nelling effects50,51 may introduce extra damping at such small spacings. Another possibility

is that the published data for the refractive index of gold48 are obtained on rough metal

films, which may lead to a slight underestimation of the imaginary part of the dielectric

constant as discussed in the literature.66 While this discrepancy in resonator damping rates

means that visible strong coupling will be experimentally more challenging to observe than

estimated in Figure 1, the main result of this analysis remains that sub-2 nm spacings are

reached reproducibly.

Experimental observation of strong coupling with 5 dye molecules

To introduce 5 dye molecules in the nanoscale gap between 40 nm AuNPs, we substitute

the bare 5’-trithiolated DNA strand used in the experiments of Figure 2 for a 5’-trithiolated

DNA strand in which 5 cytosine bases are functionalized by an ATTO647N molecule (see the

Methods section). ATTO647N molecules where chosen because the peak of their absorption

spectrum matches the average longitudinal resonance wavelength measured in Figure 2-d for

40 nm AuNP dimers at 1 M NaCl, favoring a maximum coupling strength g. The organic dyes

are separated by 4 or 5 bases, which means that, for a DNA double-strand at physiological

conditions with a width of 2 nm, they should be on opposite sides of the DNA helix and

their typical distance should be of the order of 2.5 nm, which is sufficient to avoid coherent

coupling between emitters.21,67

To verify this, we perform ensemble absorbance and fluorescence spectra of DNA double-

strands featuring one or 5 ATTO647N molecules (see Figure S5). We observe that the

absorbance measurements are spectrally similar and that the blueshifted shoulder is only

slightly larger with 5 ATTO647N molecules than with one, indicating negligible coherent

coupling.67 However, the absorbance with 5 ATTO647N molecules is typically 4 times larger

than with one molecule, evidencing an imperfect functionalization of amino-modified cytosine

bases by ATTO647N molecules. This means that only a fraction of DNA strands will exhibit
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the 5 ATTO647N molecules, while others will only feature 3 or 4 emitters. The fluorescence

data are spectrally identical and similar in intensity with one or 5 dye molecules. This

demonstrates that, while coherent coupling between emitters is avoided when emitters are

separated by ∼2.5 nm, there is incoherent dipole-dipole coupling (Förster Resonant Energy

Transfer between identical molecules, sometimes called homo-FRET),67 which leads to a

reduction of the fluorescence quantum yield by a factor of ∼4.

DNA-templated 40 nm AuNP dimers featuring 5 ATTO647N molecules are analyzed by

single-nanostructure scattering spectroscopy similarly to Figure 2. Samples are initially

prepared at a moderate 50 mM NaCl concentration before the ionic strength is progressively

increased to 250 mM NaCl in order to favor the reduction of the interparticle distance while

maintaining the DNA double-strand in the gap. A first series of scattering spectra are

measured on several hundred isolated dimers before the NaCl concentration is increased to

1 M and the sample is left to incubate for 10 h in order to favor the interpenetration of the

ligand shells on the AuNPs.59,60

As shown in Figure 3-a, we observe, in 3% of studied dimers, a splitting of the longitudinal

mode at 1 M NaCl, which is not visible at 250 mM NaCl when the interparticle spacing is of

the order of 4 nm. It is important to stress that single nanostructure scattering spectra are

measured on the same dimers at 250 mM and 1 M NaCl, as exemplified in Figures 2-b and

3-a. This ensures that the hybrid modes, observed when the interparticle distance becomes

lower than 2nm, correspond to a gold nanoparticle dimer featuring a single longitudinal

plasmonic mode at 250 mM NaCl. Therefore, the appearance of two redshifted plasmonic

modes at short interparticle spacings cannot be attributed to a small aggregate or to a dimer

featuring a strongly anisotropic gold particle. Furthermore, the measured energy splittings

are never observed in the sample studied in Figure 2 with a bare DNA double-strand. To

analyze these coupled eigenmodes more quantitatively, we fit the measured spectra with 3

Lorentzian functions to take into account the blueshifted mode already visible in Figure 2.

Since this blueshifted mode has a narrow distribution of resonance energies at 2.27 ± 0.04
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Figure 3: Visible few molecule strong coupling in DNA-templated 40 nm AuNP dimers
at high ionic strengths. (a) Examples of scattering spectra, measured on the same 40 nm
AuNP dimer featuring 5 ATTO647N molecules at intermediate (250 mM, left) and high (1
M, right) NaCl concentrations. At 1 M NaCl, the spectra are fitted with 3 energy-dependent
Lorentzian functions: the blue lines correspond to hybridized eigenmodes ω± while the thin
grey line is the blueshifted mode already observed in Figure 2. (b) Distribution of hybrid
wavelengths ω± as a function of the energy detuning δ = ωp - ω0. The resonance energy of the
emitter is plotted as a red line (ω0), while the estimated longitudinal plasmon resonance (ωp)
is shown as black data points and a black line. (c) Distribution of estimated coupling energies
g, compared to simulated values by BEM for faceted AuNP dimers: rounded icosahedra
assembled along parallel facets with interparticle spacings of 1 nm (gf−f1nm) and 2 nm (gf−f2nm);
or assembled with a tip facing a planar facet with s=1 nm (gt−f1nm).

eV, we perform the fitting procedure in Figure 3-a by forcing one resonance energy to be

within this range.

The two redshifted hybrid modes ω± are analyzed by considering the longitudinal mode of
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the resonator and the emitter as classical damped harmonic oscillators in order to recover

the anticrossing behavior expected in a Jaynes-Cummings model:22,25,44

ω± =
ωp + ω0

2
±

√
g2 +

δ2

4
,

γ± =
(γ0 − Γ0) + γp

2
,

with δ = ωp - ω0 the energy detuning between the resonances of the emitter and of the res-

onator and γ± the damping rate of the two hybrid modes. The Lorentzian fitting procedure

to determine ω± is therefore validated only when the two hybrid modes feature the same

damping rate within a 10% margin. These experimental estimations of ω±, associated with

the tabulated fixed resonance energy of ATTO647N molecules (ω0 = 1.916 eV), allow us to

infer ωp for each dimer featuring hybrid redshifted modes, as plotted in Figure 3-b. These

results nicely evidence the anticrossing behavior expected in a visible strong coupling regime.

The estimated values of ωp provide the energy detuning δ for each considered resonator and it

is then possible to extract the distribution of coupling energies g as shown in Figure 3-c. We

compare this distribution with simulated values of g. Since experimental scattering data are

in better agreement with simulations performed with rounded icosahedra assembled along

parallel facets, we consider this orientation with 1 or 5 dye molecules: one longitudinally-

coupled emitter with a 2 nm interparticle spacing (gf−f2nm) or 5 identically coupled emitters

for a 1 nm spacing (
√

5 × gf−f1nm). We also consider the possibility that the dimers assemble

with a tip facing a planar facet for a 1 nm spacing (gt−f1nm). We observe that the measured

coupling strengths agree nicely with classical electrodynamic simulations since the maximum

observed value of g is similar to
√

5 × gf−f1nm and that the minimum value is of the order of

gf−f2nm. In this case (right center graph of Figure 3-a), the visible strong coupling criterion is

not perfectly fulfilled as the ω− hybrid mode is a shoulder of the ω+ resonance.

To further ensure that the hybrid eigenmodes observed in Figure 3 can be non-ambiguously

attributed to strong coupling between the longitudinal mode of the plasmonic dimer and the
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dye molecules introduced on the DNA strand, we show on Figure 4 the evolution of the scat-

tering spectra of self-assembled dimers after excitation during 10 s with a picosecond pulsed

laser at 635 nm, close to the absorption resonance of ATTO647N. We observe the disap-

pearance of the redshifted hybrid modes and the recovery of a single longitudinal plasmonic

mode. The values of ωp in the strongly-coupled dimers of Figure 4-a are estimated using the

coupled-oscillator model used in Figure 3 and reported as a dashed line. We observe that

the inferred values of ωp are a perfect spectral match with the single peaks measured after

photoinduced bleaching in Figure 4-b. These experiments therefore demonstrate that the

strong coupling regime breaks down once the dye molecules are bleached.

The measurements described in Figures 3 and 4 therefore evidence how introducing 5 ATTO647N

emitters in dimers of 40 nm AuNPs, and then actively decreasing the interparticle spacing

below 2 nm, allows the observation of few-molecule strong coupling in single-nanostructure

scattering spectroscopy. The measured coupling strengths and the low probability of observ-

ing this effect are in excellent agreement with the theoretical investigations of Figure 1. It is

however difficult to conclude whether the measured energy splittings are associated with 4 or

5 molecules correctly oriented in a resonator assembled along planar facets; or with 1 of the

ATTO647N molecules having, by chance, a correct orientation and position with respect to a

sharp tip of one polycrystalline particle in the resonator. To test these hypotheses, it would

be interesting to assemble similar DNA-templated dimers with chemically etched spherical

gold nanoparticles, which are monocrystalline and do not feature planar facets,54,55,65 to ex-

perimentally verify whether the probability in observing strong coupling is larger or lower

than with polycrystalline particles. Furthermore, we performed experiments using a DNA

strand featuring only one ATTO647N molecule, the one closest to the trithiol moiety on the

DNA strand, and did not observe hybrid coupled modes. Importantly, at 1 M NaCl and in

the sterically confined gap between the particles (due to the surface ligands in particular),

it is difficult to speculate how the DNA and dye molecules are spatially organized.
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Figure 4: Disappearance of hybrid strongly-coupled modes after photoinduced bleaching of
the dye molecules. Scattering spectra of single strongly coupled dimers (blue data) before
(a) and after (b) photobleaching of the ATTO647N dye molecules using a pulsed excitation
at 635 nm for 10 s. A Lorentzian fit of these spectra (solid gray and blue lines) allows the
estimation of the hybrid eigenenergies ω± and of ωp, which is plotted as a dashed purple line
and compared to the Lorentzian fit of the spectrum after bleaching (gray and purple solid
lines).

Conclusion

Observing a visible strong coupling regime with a limited number of quantum emitters is

difficult in dimers of gold nanoparticles as these plasmonic resonators feature fast damping

rates. We demonstrate here, theoretically and experimentally, that this regime is accessible

when sub-2 nm interparticle spacings are reached in a controlled way. Single nanostructure

scattering spectroscopy proves that a DNA-based self-assembly strategy, combined with an

increase of the ionic strength, allows us to produce reproducibly 40 nm AuNP dimers with a

sub-2 nm spacing in proximity to a DNA double-strand on which fluorescent molecules can

be readily attached. This allows us to introduce 5 ATTO647N molecules in the nanoscale
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gap and to observe a visible strong coupling regime with experimentally measured coupling

strengths that are in excellent agreement with electrodynamic simulations. However, only

3% of studied dimers feature hybrid coupled modes, probably because of an uncontrolled

orientation of the emitters’ transition dipoles with respect to the dimer axis, and to the pref-

erential positioning of emitters on facets of gold nanoparticles, which reduces the coupling

strength compared to perfect spheres and to emitters positioned on the tips of faceted AuNPs.

Interestingly, DNA-based nanotechnology provides a flexible experimental toolbox to over-

come these nanofabrication issues: by controlling the orientation of the transition dipoles of

dye molecules,68 by organizing anisotropic particles with sharp tips with an excellent con-

trol over their relative orientation69–71 or by functionalizing these sharp tips specifically.72

Such hybrid nanostructures are therefore excellent candidates to reach reproducible few- or

single-molecule strong coupling at room temperature, in order to exploit the expected optical

properties of these nanophotonic systems such as single-photon nonlinearities and ultrafast

switching.4,5,7,8

Methods

Synthesis of DNA-templated 40 nm AuNP dimers

Commercial 40 nm diameter AuNPs (BBI, UK) are coated with a negatively charged phos-

phine ligand (bis-sulfonatophenyl-phenyl-phosphine / BSPP, Strem Chemicals, USA) then

rinsed and concentrated by centrifugation following published procedures.49 Three different

trithiolated 50 bases long DNA strands (Fidelity Systems, USA) are used to functionalize

the AuNPs. The same 5’ sequence is used either with 5 ATTO647N molecules or without

them, while the third strand features the complementary sequence but with a 3’ trithiol

moiety. The 5 ATTO647N-modified 50 bases long DNA sequence is the following: 5’-trithio-

GCAXGAAAXCTGGAXACCCXTAAGXAACTCCGTATCAGATGGGAACAGCA-3’ ( X

= ATTO647N on C base). Dye functionalization of the DNA strand is performed commer-
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cially on amino-modified cytosine bases using N-hydroxysuccinimide ester-modified ATTO647N.

Two procedures are then used to obtain DNA-functionalized AuNPs :

• The first one is based on published procedures59 and uses Na+ ions to screen elec-

trostatic repulsion between DNA strands and AuNPs. In practice, 0.04 pmol of 40

nm BSPP-passivated AuNPs are incubated overnight with varying amounts of 5’- or

3’-trithiolated 50 bases long DNA strands in a 25 mM NaCl, 1.17 mM BSPP solution

with a final volume of 10 µL.

• The second one uses an incubation at low-pH to neutralize the negative charges on

the DNA strand and favor its interaction with AuNPs.63,64 0.04 pmol of 40 nm BSPP-

passivated AuNPs are incubated with varying amounts of 5’- or 3’-trithiolated 50 bases

long DNA strands in a 1.17 mM BSPP solution with a final volume of 10 µL. A citrate

buffer solution (pH = 3) is then added to reach a final concentration of 20 mM. After

a 5 min incubation, a HEPES buffer solution (pH = 7.6) is added to reach a final

concentration of 100 mM. The suspension is then left to incubate overnight before

being rinsed by centrifugation in a 0.5× tris-borate EDTA (TBE) buffer.

In both protocols, 4 samples are prepared with varying DNA/AuNP ratios for the 5’-

trithiolated strand. For the NaCl protocol, the different ratios are 12.5 / 25 / 50 and

100. For the low-pH method, these ratios are reduced by a factor of 10 to 1.25 / 2.5 / 5 and

10. The 3’ trithiolated strand is added in an excess of 3 compared to the 5’ strand as it is

never functionalized with dye molecules and, for this sequence, it is not necessary to favor

the attachment of only one DNA strand.59

After the overnight incubation, the DNA-conjugated 40 nm AuNPs are incubated with a

106× excess of thiolated/methyl-ether terminated ethylene glycol hexamer (Polypure, Nor-

way) for 30 min. These ligands are used to passivate the AuNP surface. The particles

featuring the 3’-trithiolated complementary DNA single-strand are incubated with an 8:1

mix of the same ligand and a biotinylated/thiolated ethylene glycol octamer (Polypure, Nor-
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way: the ligand is obtained as a disulfide, which is cleaved by reacting with an excess of

BSPP).49 The samples are then purified by electrophoresis in a 1% weight agarose gel, using

a 0.5× TBE running buffer, to remove unbound ligands and DNA strands. The passivated

40 nm AuNPs, functionalized with either 5’- or 3’-trithiolated DNA strands, are cut from the

gel and concentrated by centrifugation before being incubated overnight in stoichiometric

amounts in 25 mM NaCl, in order to drive the self-assembly of dimers by hybridization of

the complementary DNA strands. The obtained suspensions are once again purified by gel

electrophoresis (1% weight, Figure S2-a). The second slowest band, which corresponds to

DNA-templated 40 nm AuNP dimers (as verified in electron microscopy, see Figure S2-b),

is cut from the gel and the recovered suspension is concentrated by centrifugation.

Optical Measurements

Homemade microfluidic chambers are prepared using published procedures.49 In brief, freshly

cleaned glass coverslips, which are stacked together with two layers of melted parafilm, are

functionalized with BSA-biotin (Sigma-Aldrich, USA) and Neutravidin (Thermo-Scientific,

USA) before introducing the dimer suspension at a sub-nanomolar concentration (15 min in-

cubation) and rinsing the chamber with 200 µL of a 5 mM Tris, 50 mM NaCl buffer solution

(pH = 8). The NaCl concentration in the chamber is modified to 250 mM or 1 M by rinsing

the chamber with 200 µL of a 5mM Tris, 250 mM or 1 M NaCl solution. After increasing

the ionic strength to 250 mM NaCl, the sample is left to incubate for 2 h before optical

measurements; while, after reaching 1 M NaCl, the sample is left to incubate overnight (∼

10 h).

Darkfield images and spectra are measured in an inverted microscope (IX71, Olympus) cou-

pled to a color CCD (Quicam, Roper) and to a fiber-coupled (50 µm core diameter) imaging

spectrometer (Acton SP300 with Pixis 100 CCD detector, Princeton Instruments). White

light from a 100 W halogen lamp is focused on the sample using an oil-immersion 1.2-1.4

NA dark-field condenser. Scattered light is collected with a 100 × 0.6 NA immersion oil
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objective. Color images of the same chamber, obtained with a 900 ms acquisition time at 50

mM, 250 mM and 1 M NaCl concentrations, are given in Figures 2 and S3. These large-scale

images allow an estimation of the purity of dimers compared to left-over single particles and

larger aggregates.59 Indeed, the optical response of single particles is weaker than dimers

and, importantly, does not redshift when the NaCl concentration is increased. Single parti-

cles correspond to ∼28% of scattering objects in the sample. Several scatterers with large

interaction cross-sections account for less than 2% of the sample, and are attributed to small

aggregates that are not considered in our analysis. Overall, the dimer purity is of the order

of 70% in Figure S3.

Raw single-nanostructure scattering spectra are measured with a 4 s acquisition time. A

background spectrum is measured with the same acquisition time on an empty area of the

sample. The background is subtracted to the measured spectra before the obtained data

are divided by a smoothed background spectrum (from which a constant offset of the CCD

detector is subtracted) in order to correct for the wavelength-dependent illumination and

detection.59

Photoinduced bleaching experiments are performed by exciting for 10 s a single dimer,

through the same 100× 0.6 NA immersion oil objective, with a tunable laser source (iChrome,

Toptica) that delivers 3.5 ps pulses at a 40 MHz repetition rate, with a wavelength fixed at

635 nm and associated with a bandpass filter (Z633/10x, Chroma) for an excitation power

ranging between 1 and 2.5 kW/cm2.

Simulations

Mie theory calculations are performed using an in-house code.46 Boundary Element Method

simulations are performed using the MNPBEM toolbox.47 The 3D meshing of the rounded

icosahedron is generated using COMSOL and used in BEM simulations. The dielectric con-

stant of gold is taken from tabulated data,48 while the refractive index of the environment is

chosen at 1.4 to be compatible with experiments performed on DNA-templated gold particle
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dimers.19,37,49 We neglect the slight modification of the refractive index of the surrounding

buffer solution when the ionic strength is increased (∆n ≈ 10−2) as it will introduce a neg-

ligible modification of the resonance wavelength of the self-assembled dimers.59 In all cases,

the total dissipated and radiated powers of a classical electric dipole in the resonator are

compared to the power radiated without the resonator in order to compute Fp and Φ for a

given position, orientation and emission wavelength. By tuning the emission wavelength for

a longitudinally coupled emitter, it is possible to plot Fp as a function of energy and infer

the resonance wavelength ωp and decay rate γp of the longitudinal mode of the dimer.

In Figure S4, the scattering spectra of AuNP dimers or AgNCs are computed in BEM by

exciting the nanostructure with a plane wave, polarized longitudinally or transversely in the

case of dimers.
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