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ABSTRACT: When plasmons supported by metal nanoparticles interact
strongly with molecular excitons or excitons of semiconducting quantum
dots, plexcitons are formed in the strong coupling regime. The hybrid
plexcitonic nanoparticles with a wide range of sizes and shapes have been
synthesized by using wet chemistry methods or have been fabricated on solid
substrates by using lithographic techniques. In order to deeply understand
plasmon−exciton interaction at the nanoscale dimension and boost the
performance of nanophotonic devices made of plexcitonic nanoparticles,
new types of plexcitonic nanoparticles with tunable optical properties and
outstanding stability at room temperature are urgently needed. Herein, we
for the first time report pure colloidal nanodisk shaped plexcitonic
nanoparticles with very large Rabi splitting energies, i.e., more than 350
meV. We synthesize silver nanoprisms by using seed mediated synthesis and
then convert nanoprisms to nanodisks at a high temperature. Localized
plasmon resonance of the silver nanodisk in the visible spectrum can be effectively tuned by heating. Subsequently, self-assembly
of J-aggregate dyes on plasmonic nanodisks produces plexcitonic nanoparticles. We envision that colloidal nanodisk shaped
plexcitonic nanoparticles with very large Rabi splitting energies and outstanding stability at room temperature will enlarge the
application of plexcitonic nanoparticles in a variety of fields such as polariton laser, biosensor, plasmon molecular nanodevices,
and energy flow at nanoscale dimensions.

■ INTRODUCTION

The recent advancements in nanofabrication and chemical
synthesis of metal and semiconductor nanoparticles have
allowed us to better control and understand light−matter
interaction at nanoscale dimensions.1 Metal nanoparticles
tightly confining light at subwavelength dimensions because of
generation of localized surface plasmon polaritons (SPPs) are
good candidates for merging photonics and electronics at
nanoscale dimensions.1−3 When surface plasmons interact
strongly with incoming photons, half-photon and half-electron
hybrid states called SPPs are generated. Owing to the
localization of incoming light into small volumes, enhancement
of the field intensity compared to the incoming light, extreme
sensitivity to size and shape of the supporting structure, and high
sensitivity to the refractive index of the surrounding environ-
ment,4 SPPs have found a variety of critical applications in areas
such as surface enhanced spectroscopy, sensors, microscopy,
nano-optics, solar cells, and light emitting diodes.5−7 SPP
enabled concentration of light into nanoscale volumes2 has
greatly enhanced the interaction of light with matter and
boosted the performance of nanophotonic devices.4,8

In the strong coupling regime, metal nanoparticles supporting
localized surface plasmon polaritons (quasiparticles) interact
with excitons (quasiparticles) of molecules or quantum dots,
and hence, new hybrid modes called plexcitons (plasmon−

exciton polaritons) are formed.9 Compared with bare plasmon
and exciton dispersion, the new system in the dispersion curve
has lower and upper polariton branches, which are a clear
indication of the strong coupling. In the strong coupling regime,
excitons and plasmons are strongly coupled, and there is a
reversible exchange of energy between them. Indeed, energy can
reversibly flow back and forth between exciton and plasmon. It is
noteworthy that, at zero detuning, the magnitude of the
separation between the upper and lower branches is called a
Rabi splitting energy.10 Plexcitons are quasiparticles showing
half-plasmonic and half-excitonic properties, and they have the
best of two entirely different worlds, namely, plasmonics and
excitonics. Furthermore, if plexcitons strongly interact with
plasmons, new optical hybrid modes called plexcimons
(plasmon−exciton−plasmon polaritons) are formed in the
strong coupling regime.11,12 Plexcitonic nanoparticles have been
both fabricated on solid substrates by using new lithographic
techniques and synthesized by using wet chemistry methods.13

The first plexcitonic nanoparticles, synthesized by N. J. Halas et
al., were gold nanoshell-J-aggregates with a Rabi splitting energy
of 120 meV.9 In another study, gold nanodisk dimers covered
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with a J-aggregate thin film on a solid substrate have been used
for observing large Rabi splitting in individual metallic dimers,14

and recently, they have been theoretically studied in detail.15

Gold nanodisk arrays16 and gold nanorod arrays17 covered with
a uniform thin film of J-aggregate molecules have been
fabricated, and dynamic tuning of plasmon−exciton coupling
has been elegantly demonstrated. Until now, a variety of
differently shaped metal nanoparticles such as nanoprisms,18,19

bipyramids,20 nanorods,21 spherical metal nanoparticles,22

hollow gold nanoprisms,23 and metal nanoparticle arrays24

have been used to synthesize and fabricate plexcitonic
nanoparticles.13 Plexcitonic nanoparticles synthesized from
nanoprism shaped silver nanoparticles have attracted a great
amount of interest owing to the large Rabi splitting energy,
availability in large quantities in aqueous media (colloid), easy
detuning of the resonant frequency, large transparency dip in the
extinction spectrum, and easy tuning of coupling
strength.19,25−27 In order to have a deeper and better
understanding of the plasmon−exciton interaction at nanoscale
dimensions and boost the performance of nanophotonic devices
made of plexcitonic nanoparticles, a new type of plexcitonic
nanoparticles with tunable optical properties and outstanding
stability at room temperature are urgently needed. In this study,
we for the first time report pure colloidal nanodisk shaped
plexcitonic nanoparticles. Different from the previously
published plexcitonic nanoparticle shapes, the new nanodisk
shaped plexcitonic colloid has the following properties: (i) large
Rabi splitting energy in the dispersion curve, (ii) large
transparency deep in the extinction spectra, (iii) outstanding
stability at room temperature, (iv) availability and pure form in
large quantities, and (v) suitability for plexcitonic device
applications. We synthesize silver nanoprisms by using seed
mediated synthesis and then convert nanoprisms to nanodisks at
high temperature. Localized plasmon resonance of the silver
nanodisk in the visible spectrum can be effectively tuned by
heating. Subsequently, plexcitonic nanoparticles are synthesized
by self-assembling J-aggregate dyes on plasmonic nanodisks in
the form of a colloidal suspension. The plexcitonic nanoparticle
colloid contains only plexcitonic nanoparticles in aqueous
medium but not any bare excitonic and plasmonic nanoparticles.
We envision that colloidal nanodisk shaped plexcitonic
nanoparticles with very large Rabi splitting energies, i.e., more

than 350 meV, will enlarge application of plexcitonic nano-
particles in a variety of fields such as plasmon laser, biosensor,
solar cells, and plasmon molecular nanodevices.

■ METHODS

Spherical silver nanoparticles were synthesized in an aqueous
medium and used as the seed in the silver nanoprism synthesis,
Figure 1. In a typical synthesis of silver seed nanoparticles, first, 5
mL of 2.5 mM trisodium citrate solution and 0.25 mL of 500
mg/L poly(sodium 4-styrenesulfonate) (PSS) were mixed with
0.3 mL of freshly prepared 10 mM NaBH4, i.e., a very good
reducing agent. Afterward, 5 mL of 0.5 mM AgNO3 was added
drop by drop (∼2 mL/min) in this solution combination under
vigorous stirring. After about 30 min, a yellow colored silver
nanoparticle colloid was obtained. Silver nanoprisms were
synthesized by seed mediated synthesis as schematically shown
in Figure 1. In a typical synthesis, first, 5 mL of Millipore water
was mixed with 75 μL of 10 mM ascorbic acid, i.e., a weak
reducing agent, and 60 μL of the seed solution. Afterward, 3 mL
of 0.5mMAgNO3 was added drop by drop (∼1mL/min) in this
solution combination under vigorous stirring. The color of the
colloid first changes from yellow to red and then red to blue for
nanoprisms having a resonance wavelength at around 700 nm. In
the final stage, the Ag nanoprisms were stabilized by adding 0.5
mL of 25 mM trisodium citrate solution. It should be noted here
thatMillipore water was used throughout all experiments, and all
the reactions were performed in aqueous medium at room
temperature.
The shape conversion of silver nanoprisms was achieved by

heating the silver nanoprisms as reported in earlier studies.28

The as-synthesized silver nanoprism colloid was heated and
stirred in an oil bath at 95 °C. The color of the silver nanoparticle
colloid changed from blue to purple during the heating process.
Subsequently, nanodisk shaped plexcitonic nanoparticles were
synthesized by combining a silver nanodisk colloid with a J-
aggregate dye. As a J-aggregate dye in this work, a cyanine dye,
(5,5′,6,6′-tetrachlorodi(4-sulfobutyl)benzimidazolocarbo-
cyanine (TDBC) purchased from FEW Chemicals, was used
without further purification. The nanodisk colloid was first
centrifuged at 15 000 rpm for 15 min, and then, the supernatant
was removed. This step can be repeated several times until all the
reaction byproducts were completely removed. A 0.1 mM

Figure 1. Schematic representation of the shape evolution of plasmonic nanoparticles and synthesis of plexcitonic nanodisks. Yellow colored silver seed
nanoparticles are synthesized by reducing silver ions with a strong reducing agent, e.g., sodium borohydride. The seed mediated growth of the
triangular silver nanoplate is accomplished by reducing silver ions in the presence of a week reducing agent, e.g., ascorbic acid. The color of the
nanoplate, i.e., the resonance wavelength of the colloid, is simply controlled by the number of seed nanoparticles in the reaction medium. Next, the
initial silver nanoprisms are converted to silver nanodisks gradually by heating the nanoprism colloid at high temperature. In the final step, plasmonic
nanodisks are transformed into plexcitonic nanodisks by introducing J-aggregate dyes, which self-assemble on the surface of silver nanodisks.
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TDBC dye solution with a varying amount was then added to
the nanodisk colloid. In a typical experiment, varying amounts of
0.1 mMTDBC, e.g., 100 and 200 μL, were added to 1 mL of the
Ag nanodisk colloid. The uncoupled dye molecules must be
removed from the reaction medium in order to obtain only
plexcitonic nanoparticles. Therefore, uncoupled dye molecules
were completely removed by centrifugation at 15 000 rpm for 15
min. The precipitate was redispersed in water, and spectroscopic
investigations revealed that plasmons of metal nanoparticles and
excitons of J-aggregates are strongly coupled. The size and shape
of the silver nanoparticles were determined by using scanning
transmission electron microscope (STEM) (Quanta 250, FEI).
The silver nanoparticles were drop-cast on carbon coated copper
grids. Extinction measurements of colloids were performed by
using a balanced deuterium−tungsten halogen light source
(DH2000-BAL, Ocean Optics), and a fiber coupled spectrom-
eter (USB4000, Ocean Optics); see Supporting Information for
the experimental setup.
The finite difference time domain (FDTD) method was

employed to explore plasmon−exciton coupling in J-aggregate
coated nanodisk shaped silver nanoparticles by using a
commercial FDTD package from Lumerical. Silver nanodisk
diameter and thickness were deduced from the STEM images.
The electric field polarization is along the x-axis. Plane wave
moves in the z-axis. The mesh size is 1 nm during the extinction
spectra simulations and 0.1 nm during the electric field map
simulations.

■ RESULTS AND DISCUSSION
Silver nanoprisms (Ag NPs) were wet chemically synthesized in
water by using seed mediated chemical synthesis of metal
nanoparticles as reported in our previous works.18,19 A two-step
seed mediated chemical synthesis of metal nanoparticles was
carried out; see Figure 1 for a schematic representation of the
synthesis procedure. The isotropic and spherical Ag nano-
particles have a plasmon resonance wavelength at around 400
nm. The yellow color formation in silver seed synthesis is the
strong indication of nanoparticle formation. In order to tune the
resonance frequency of the silver nanoparticle in the visible
spectrum, the size and shape of the nanoparticle must be
changed since the plasmon resonance frequency of metal
nanoparticles is very sensitive to the size, shape, and dielectric
environment as well.29,30 Actually, the higher number of seed
nanoparticles in the reaction medium results in short edge
lengths whereas the low number of seed nanoparticles results in
long edge lengths. In fact, by controlling the amount of seed
nanoparticle in the colloid, the plasmon resonance wavelength
of the Ag nanoprism can be effectively tuned in the visible
spectrum.18

After directly synthesizing silver nanoprisms, the shape of the
nanoprisms was converted to nanodisks by heating, Figure 2a.
There are several post-shape-conversion methods reported in
the literature for controlling the shape of silver nanoparticles.
Although initial shape conversion studies were based on
converting spherical silver nanoparticles to nanoprisms, i.e.,
photoinduced conversion of silver nanospheres to nano-
prisms,31 later studies were mainly focused on conversion of
nanoprisms to nanodisks.32 These later studies mainly involve
the following conclusions: (i) shape of the nanoprisms was
converted to nanodisks;32 (ii) localized surface plasmon
resonance wavelength of the nanoparticles was tuned by
heating;33 (iii) a gradual blue-shift in the plasmon resonance
bands of the nanoparticles was observed with heating;34 (iv)

nanodisks were found to be more stable than nanoprisms;34 (v)
nanodisks and nanoprisms have a single-crystal structure;32 and
(vi) reversible shape conversion was achieved from nanoprisms
to nanodisks, and vice versa.32 Furthermore, silver nanoprisms
were found to undergo shape transformation from nanoprism to
nanodisk upon chemical functionalization by using thiol-
terminated poly(ethylene glycol).35 Here in this study, shape
transformation was achieved by heating the triangular silver
nanoplate colloid at 95 °C in an oil bath. Figure 2a shows the
extinction spectra of a silver nanoprism colloid heated for 90
min. Initially, the localized plasmon resonance of the silver
nanoprism is around 750 nm. After about 90 min of heating, the
plasmon resonance wavelength is around 550 nm, Figure 2a.
STEM images show that before heating plasmonic nanoparticles
are triangular in shape and after heating the shape of the silver
nanoparticles is mainly disk, Figure 2c,d, respectively. Indeed,
truncation of the nanoprisms leads to the formation of
nanodisks, Figure 3a. The evolution from silver nanoprism to
nanodisk has been extensively studied in the literature, and it is
assumed that silver atoms on the corner of the nanoprisms
dissolve and readsorp on the side of the silver nanoplates during
the heating process.28

As a J-aggregate dye in this work, a cyanine dye, TDBC, was
used for the synthesis of nanodisk shaped plexcitonic nano-
particles. The absorption spectrum of the dye shows a very clear
and sharp exciton resonance at around 587 nm, see Figure 3b.
Owing to the supramolecular self-assembly of individual dye
molecules at a high concentration, the absorption band of the
dye red-shifts to longer wavelengths with a very sharp
resonance.36 We then added various quantities of dye solution
to silver nanodisk colloids under stirring to obtain hybrid

Figure 2. Nanodisk shaped plasmonic nanoparticles. (a) Evolution of
extinction spectra of silver nanodisks under heating for 0−90 min. The
initial silver nanoprisms with plasmon resonance wavelength of around
750 nm were converted into silver nanodisks at lower wavelengths. The
red arrow indicates the direction of heating. (b) Plasmon resonance
wavelength as a function of time. (c) STEM image of initial silver
nanoprisms with edge length of around 45 nm. (d) STEM image of
silver nanodisks after heating silver nanoprisms.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b08834
J. Phys. Chem. C 2019, 123, 26571−26576

26573

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08834/suppl_file/jp9b08834_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b08834


metal−organic nanoparticles. The very sharp transparency dip
in the extinction spectrum in Figure 3c is a very clear indication
of plexcitonic nanoparticle formation. Indeed, individual dye
molecules self-assemble on the surface of metal nanoparticles.19

Uncoupled J-aggregate dyes in the solution were completely
removed by centrifugation, and the pellet that formed after the
centrifugation was resuspended in water. Therefore, the new
colloid contains only plexcitonic nanoparticles.
In addition, we controlled the amount of dye molecules

attached to metal nanoparticles by simply controlling the
concentration of dye molecules in the reaction medium, Figure
4. In Figure 4a, a photo shows nanodisk colloids with varying
concentrations of J-aggregate dyes. Evolution of extinction
spectra of the nanodisk colloids with different Rabi splitting
energies is shown in Figure 4b. When the energy transfer rate
between exciton and plasmon, g, is larger than the plasmon
decay rate, κ, and the exciton decay rate, γ, strong coupling of
exciton and plasmon occurs (g≫ γ, κ).37 In this limit, there is a
reversible exchange of energy between plasmons and excitons.38

However, when the energy transfer rate is much smaller than the
decay rates of plasmons and excitons (g≪ γ, κ), weak coupling
happens.10 In Figure 4b, transition from the weak coupling
regime to the strong coupling regime was observed. The
calculated Rabi splitting energies increase with the square root of
TDBC dye. It is noteworthy to state here that the strength of the
plasmon−exciton coupling determined by the magnitude of the
Rabi splitting energy was controlled with the amount of dye
molecules in the medium.38 In a classical description of coupled
oscillators, the Rabi splitting frequency,Ω, is proportional to the
square root of the number of oscillators, (N)1/2 in the
medium.10,11 The calculated Rabi splitting energies, more than
350 meV, suggest that the coupled nanoparticles are indeed in
the ultrastrong coupling regime.18

In order to deeply understand the plasmon−exciton coupling
in silver nanodisk plexcitons, the polariton dispersion curve was
plotted in Figure 5. It should be noted that the resonance
frequency of the J-aggregate is not tunable whereas the
resonance frequency of silver nanodisks is tunable by simply
changing the size of the nanodisk. Therefore, the polariton
dispersion curve was generated by tuning the resonance

frequency of plasmonic nanoparticles. Figure 5a demonstrates
the extinction spectra of nanodisk shaped plexcitonic nano-
particles synthesized from differently sized silver nanodisks. The
calculated peak energies for each sample are plotted in Figure 5b.
An avoided crossing appears when the plasmon resonance
wavelength equals the bare exciton resonance wavelength, which
corresponds to zero detuning. In fact, at the zero detuning, the
Rabi splitting energy of larger than 300 meV can be calculated.
By using the coupled oscillator model, the polariton dispersion
curve can bemodeled as E1,2(k) = [Epl(k) + Eex]/2± 1/2[(ℏΩ)2
− (Epl(k) − Eex)

2]1/2, where k is the wave vector, E1 and E2 are
the energies of the upper and lower polariton branches, Eex is the

Figure 3. Nanodisk shaped plexcitonic nanoparticles. (a) Extinction
spectrum of disk shaped silver nanoplate colloid in water. The plasmon
resonance wavelength of the blue colored nanodisk shaped plasmonic
nanoparticles is around 600 nm. The inset shows around 1 mL of the
silver nanodisk colloid in a reaction vessel. (b) Absorption spectrum of
TDBC dye in water. Individual TDBC molecules self-assemble at high
concentration and generate J-aggregates having a sharp resonance at
around 587 nm. The inset shows around 1 mL of aqueous solution of
TDBC dye. (c) Extinction spectrum of disk shaped plexcitonic
nanoparticle colloid. The purple colored colloid shows half-plasmonic
and half-excitonic properties. The transparency dip at around 587 nm in
the spectrum is indication of plexcitonic nanoparticle formation. The
inset shows around 1 mL of the nanodisk shaped plexcitonic colloid.

Figure 4. Tunable coupling in nanodisk shaped plexcitonic nano-
particles. (a) A photo of silver nanodisks, placed in a reaction vessel,
coated with varying amount of J-aggregate dyes in water. (b) Evolution
of extinction spectra of silver nanodisks with varying amount of J-
aggregate dyes. Bare silver nanodisks were obtained by heating bare
silver nanoprisms in water. (c) Calculated Rabi splitting energies from
part b with a varying amount of J-aggregate dye coated onto the silver
nanodisks. At a higher concentration of dye molecules, the Rabi
splitting reaches saturation.

Figure 5. Polariton dispersion curve of nanodisk shaped plexcitonic
nanoparticles. (a) Extinction spectra of nanodisk shaped plexcitonic
nanoparticles synthesized from differently sized silver nanodisks. (b)
The peak energies in part a are plotted as a function of the detuning. At
the zero detuning, the calculated Rabi splitting energy is larger than 300
meV. In the figure, UP, LP, and BE represent the upper polariton
branch, lower polariton branch, and bare exciton energy level,
respectively. The bare plasmon band energy increases from the low
sample number to the high sample number in the dispersion curve.
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resonance energy of the bare exciton, Esp is the energy of the bare
surface plasmon, and ℏΩ is the Rabi splitting energy.10

To confirm the experimental results and further reveal the
origin of the strong coupling between plasmon and exciton in
the nanodisk shaped plexcitonic nanoparticle, FDTD simulation
of a single plexcitonic nanoparticle was performed, Figure 6a. In

the simulation, the silver nanodisk was suspended in air
(refractive index of 1.0), and we assumed that the dispersion
of molecular exciton was Lorentzian, which was expressed as
ε(ω) = ε∞ + f 0(ω0

2/(ω0
2 − ω2 − iγ0ω)) where the resonance

wavelength of the J-aggregate was set to 587 nm (2.11 eV), and
the width of the molecular exciton resonance (γ0) was set to
around 32 meV. The background index, ε∞, was set to 2.1. The
oscillator strength of the J-aggregate (γ0) was set to vary from 0
to 0.05, Figure 6b. There is an excellent qualitative agreement
between the experimental results and FDTD simulations, see
Figure 6c and Figure 4c. The origin of the large Rabi splitting
energy observed in the silver nanodisk is the high electric field
localization around the nanoparticle at resonance conditions.
Figure 6d−f shows the electric field distribution of a single
plexcitonic nanoparticle at 560, 587, and 612 nm, respectively.
The induced transparency as a narrow dip in the extinction
spectra where the electric field intensity is close to zero (at
around 587 nm) is a very strong indication of plexciton
formation. Note that the bare silver nanodisk at the same
frequency has very large electric field localization, see
Supporting Information.

■ CONCLUSIONS
In summary, we for the first time report pure colloidal nanodisk
shaped plexcitonic nanoparticles with very large Rabi splitting
energies, i.e., more than 350 meV. We synthesize silver
nanoprisms by using seed mediated synthesis and then convert
nanoprisms to nanodisks at high temperature where nanoprism
to nanodisk shape conversion was achieved through dissolution
and readsorption of silver ions on the surface of silver
nanoprisms. Resonance frequency of the plasmonic nanodisks
can be effectively tuned by heating the silver colloid in the visible
spectrum. Subsequently, pure colloidal plexcitonic nanoparticles
are synthesized by self-assembling of J-aggregate dyes on
plasmonic nanodisks. In the strong coupling regime, half-
plasmonic and half-excitonic hybrid nanodisk shaped plexcitonic
nanoparticles are generated. The experimental results corrobo-
rated well with the theoretical simulation of single plexcitonic
and plasmonic shaped nanoparticles. The plexcitonic nanodisks
are stable in aqueous solution and can be stored at room
temperature for several weeks. We envision that nanodisk
shaped plexcitonic nanoparticles with very large Rabi splitting
energies and outstanding stability at room temperature will
enlarge application of plexcitonic nanoparticles in a variety of
fields such as plasmon laser, biosensor, solar cells, and molecular
nanophotonics active devices.1 The plexcitonic colloid can be
used to fabricate a variety of nanophotonic devices for
understanding energy flow (plexciton propagation) at nanoscale
dimensions.1,24 In addition, large area plexcitonic devices can be
easily fabricated and integrated with two-dimensional nanoma-
terials such as graphene, owing to the availability of a large
amount of pure colloidal plexcitonic nanoparticle colloid.39
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