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ABSTRACT: Controlling the number of dye molecules on metallic
nanoparticles, which in turn affects the magnitude of Rabi splitting
energy, is crucial for obtaining hybrid metal core−organic shell
nanoparticles with tunable optical properties in the visible spectrum
since the magnitude of the Rabi splitting energy directly determines
the strength of the coupling between plasmonic nanoparticles and
dye molecules. In this work, we present a new method for the
synthesis of plexcitonic nanoparticles, and thus we are able to
control the number of dye molecules self-assembled on Ag
nanoprisms (Ag NPs) by adjusting the concentration of dye
molecules used in the synthesis. Indeed, individual dye molecules
self-assemble into J-aggregates on Ag NPs. Thus, in the finite-element simulations and experimental data of the hybrid metal
organic nanoparticles, we observed a transition from weak coupling to the ultrastrong coupling regime. Besides, ultrafast energy
transfer between plasmonic nanoparticles and excitonic aggregated dye molecules has been extensively studied as a function of
Rabi splitting energy. We observe that the lifetime of the polariton states increases with the coupling strength and the upper
polaritons are short-lived, whereas the lower polaritons are long-lived. Hybrid metal−organic nanoparticles presented in this
study (i) have tunable Rabi splitting energies, (ii) are easy to prepare in large quantities in aqueous medium, (iii) can be
uniformly assembled on solid substrates, (iv) have resonance frequencies in the visible spectrum, and (v) have small mode
volume, thus making them an excellent model system for studying light−matter interaction at nanoscale dimensions from the
weak to ultrastrong coupling regime.
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Engineering and controlling light−matter interaction at the
nanoscale dimension1 has attracted a surge of interest in

recent years owing to the direct impact of the studies on light-
emitting devices, solar cells, plasmonic circuits, biosensors,
nanoscale light sources, energy transport, quantum optics,
etc.2−7 Specifically, formation of hybrid nanostructures between
metallic nanoparticles supporting localized surface plasmon
polaritons (LSPPs) and quantum emitters supporting excitons,
for example, J-aggregates, organic dyes, and quantum dots, can
lead to the development of novel nanoscale devices with greatly
improved performances and the emergence of new optical
hybrid states such as plexcitons8 and plexcimons.9,10

When metal thin films, metal gratings, and metal nano-
particles are uniformly covered with J-aggregates, dye
molecules, and quantum dots, a new hybridized optical state
called a plexciton emerges in the strong coupling regime.11

High quality factor plasmonic nanostructures and dye
molecules with large oscillator strengths are needed in order
to reach the strong coupling regime. Depending on the quality
factor of the plasmon resonance in plasmonic systems and the
oscillator strength and concentration of the quantum emitter,

different coupling regimes have been realized.11 In the so-called
weak coupling regime (WCR), the original optical modes of
either the plasmonic or excitonic system have not been
modified, whereas emission or absorption of the nanoparticles
or molecules is greatly enhanced, i.e., the Purcell effect.12,13

However, in the strong coupling regime (SCR), the new hybrid
system shows new optical modes whose frequencies are
completely different from the original optical modes, i.e., bare
plasmon and exciton modes.14 Indeed, the coupling strength
overcomes the dissipative losses in the strongly coupled
system.15 If the positions of new optical modes are plotted as
a function of detuning, a very clear anticrossing behavior is
observed with a minimum energy separation at zero detuning
called the Rabi splitting energy, which determines the strength
of the coupling between exciton and plasmon.16 Now, the
coupling is coherent and the plasmon−exciton interaction
becomes reversible; that is, the plasmon and exciton become
entangled, and hence new physics can be observed such as
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thresholdless lasing and stimulated emission.17 When the
magnitude of the Rabi splitting energy becomes comparable to
the bare quantum emitter resonance energy, the light−matter
interaction reaches a new regime of ultrastrong coupling
(UCR).18

Up until now, in order to synthesize plexcitonic nano-
particles, metallic shells,8,19 gold nanowires,19−22 nano-
prisms,10,23 spherical nanoparticles,19,24,25 and recently nano-
disks26 have been used as a plasmonic component. On the
other hand, J-aggregates (JAs), aggregated dye molecules with a
very narrow absorption band that is red-shifted to a longer
wavelength with respect to the monomer absorption band, have
been mostly used as an excitonic component in the plexcitonic
nanoparticle synthesis due to their very narrow absorption band
and very large oscillator strength.27 Nevertheless, in the
previous studies, the Rabi splitting energy of the plexcitonic
nanoparticles is not tunable10 and thus their optical properties
cannot be tailored, which limits their practical and fundamental
applications such as ultrafast energy transfer between plasmon
and exciton as a function of coupling strength and controlling
group velocity of plexcimons.9 Here, for the first time, we were
able to synthesize plexcitonic nanoparticles with tunable Rabi
splitting energies in an aqueous medium. Therefore, in the
hybrid metal core−organic shell nanoparticles a transition from
weak coupling to ultrastrong coupling regime was observed.
Owing to the fact that the nanoparticles (i) have tunable Rabi
splitting energies, (ii) have resonance frequencies in the visible,
(iii) are easy to prepare in aqueous medium and can be
assembled on solid substrates, and (iv) have small mode
volume (∼104 nm3), they will find new applications in a variety
of light−matter studies such as quantum optics, nanoscale
energy transfer, and nanoscale light sources as well.9,28 In this
study, ultrafast energy transfer between plasmons and
excitons29 has been extensively studied as a function of the
coupling strength.
Ag nanoprisms (Ag NPs) of controllable edge length,

displaying remarkable optical properties in the visible and
near-infrared spectrum, were synthesized by a seed-mediated
protocol in aqueous medium at room temperature.9,10 In this
work, Ag NPs were used as the plasmonic nanostructure since
they have broadly tunable localized plasmon resonance
wavelengths ranging from 400 to 1100 nm.30 Spherical Ag
nanoparticles were used as seed nanoparticles.31 Millipore
water was used throughout all experiments, and all reactions
were performed in aqueous medium at room temperature. The
seed nanoparticles were synthesized by combining 5 mL of 2.5
mM trisodium citrate solution with 0.25 mL of 500 mg/L
poly(sodium 4-styrenesulfonate) (PSS) and 0.3 mL of freshly
prepared 10 mM NaBH4. Subsequently, 5 mL of 0.5 mM
AgNO3 was added drop by drop at a rate of ∼2 mL/min to this
solution combination under stirring. In less than 30 min, the
color of the solution turned deep yellow, which is an indication
of Ag nanoparticle formation. The spherical Ag nanoparticles
have an LSPP resonance wavelength at ∼400 nm. Ag NPs were
synthesized by varying the amount of seed nanoparticles added
to the reaction solution.10 The number of seed nanoparticles in
the reaction medium directly controls the morphology (edge
length) and hence the LSPP resonance wavelength of the Ag
NPs. For instance, in order to synthesize Ag NPs at ∼750 nm
LSPP resonance wavelength, 5 mL of Millipore water was
combined with 75 μL of 10 mM ascorbic acid and 60 μL of the
seed solution. Actually, by tuning the amount of spherical seed
nanoparticles in the reaction medium, the LSPP resonance

wavelength of the Ag nanoprisms can be varied from the visible
part of the electromagnetic spectrum (400 nm) to the near-
infrared part of the electromagnetic spectrum (1100 nm).
Ultimately, the synthesized Ag nanoprisms were stabilized by
adding 0.5 mL of 25 mM trisodium citrate aqueous solution.
A cyanine dye, (5,5′,6,6′-tetrachlorodi(4-sulfobutyl)-

benzimidazolocarbocyanine (TDBC), purchased from FEW
Chemicals, was used without further purification. Two different
methods, Br-assisted self-assembly of dye molecules at high dye
concentration as reported earlier9,10 and, in this study, self-
assembly of dye molecules at low concentration, were utilized
to chemically synthesize plexcitonic nanoparticles. In the Br-
assisted synthesis process,9,10 a 1 mM TDBC aqueous solution
was prepared in 1 mM KBr, and then Ag NPs in water were
combined with the TDBC solution in KBr. Fast color variation
in the solution indicates plexcitonic nanoparticle formation.
Excess cyanine dye molecules in the solution were removed by
centrifugation at 15 000 rpm for 10 min, and the pellet was
suspended in water. It should be mentioned that, in the Br-
assisted synthesis process, the number of dye molecules on the
Ag NPs cannot be manipulated because, at low dye
concentration, Ag NPs degrade in the presence of Br ions in
the medium.10 In the second process, a low concentration of
TDBC molecules (smaller than 0.1 mM) in Br-free solution
was directly added to the Ag NP solution in order to self-
assemble TDBC molecules on Ag NPs. Noteworthily,
adsorption of dye molecules to various nanoparticles and
surfaces has been extensively studied and known for many years
mainly because of the understanding of the enhancement
effects observed in surface-enhanced Raman spectroscopy
spectra.31,32 In a typical experiment, varying amounts of 0.1
mM TDBC in water (25, 50, 100, 200, 300, and 400 μL) were
added to 1 mL of Ag NP solution. 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. Besides that, the concentration of the
starting TDBC solution was further decreased to 0.01 mM.
Varying amounts of 0.01 mM TDBC were added to 1 mL of Ag
NP solution. At such a low concentration of dye molecules
(∼10−6 M) no J-aggregation of TDBC molecules is expected,27

and accordingly individual TDBC molecules self-assemble and
directly form J-aggregates on the Ag NP surface.
Transient absorption measurements were performed with a

femtosecond pump−probe method utilizing a Ti:sapphire laser
amplifier-optical parametric amplifier system (Spectra Physics)
with a 50 fs pulse duration and 1 kHz repetition rate.33 A
commercial pump−probe experimental setup with a white light
continuum probe beam (Spectra Physics) was used. Experi-
ments were performed in transmission geometry at 40 μJ/cm2

pump fluencies with 100 fs pulse duration. A positive sign in the
pump probe data ΔT/T corresponds to decreased transmission
(excited-state absorption (ESA)), whereas a negative sign of
ΔT/T corresponds to increased transmission (bleach signal),
according to our sign convention. The linear absorption spectra
of dye molecules and plasmonic and plexcitonic nanoparticles
were obtained using an Agilent Technologies Cary Series UV−
vis spectrophotometer.
A schematic representation of the self-assembly of individual

TDBC dye molecules on Ag NPs is depicted in Figure 1a.
Extinction spectra of bare Ag NPs as well as 0.1 mM TDBC
dyes are provided in Figure 1b. The broad absorbance band at
around ∼513 nm in the dye spectrum is an indication of the
presence of monomers or individual TDBC dye molecules in
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the solution. However, a very sharp absorbance band at around
587 nm is a very strong indication of J-aggregate formation of
TDBC molecules. It should be noted here that pump−probe
experiments have demonstrated that the delocalization length
of the electronically excited state, i.e., Frenkel excitons in
TDBC J-aggregates, is ∼15 TDBC molecule lengths.34 It is well
known that cyanine dyes form J-aggregates at high concen-
tration (>∼10−6 M) in basic medium (pH ∼11).27,34
Plexcitonic nanoparticles are formed when Ag NPs are
combined with a TDBC dye solution. Consequently, two
new hybrid bands, namely, an upper polariton branch (UPB)
and a lower polariton branch (LPB), are formed, Figure 1c. In
fact, the energy separation between the new polariton branches
gives the value of the Rabi splitting energy determining the
strength of the coupling between plasmon and exciton.
Noteworthily, it has been theoretically predicted that when n
resonances (two resonances, i.e., plasmon and exciton
resonances) are simultaneously excited in the coupled system
n−1 (one resonance, i.e., the dip at ∼587 nm), transparency
dips arise in the dispersion curve.35

Plexcitonic nanoparticles with easily tunable Rabi splitting
energies are desperately needed to study light−matter
interaction in a broad range of Rabi splitting energy values.
We here report the synthesis of plexcitonic nanoparticles with
different Rabi splitting energies, Figure 2a. The volume of 0.1
mM TDBC dye added to the 1000 μL of Ag NPs was increased
from sample 1 to 6. For example, in sample 2, 100 μL of 0.1
mM dye solution was added to 1000 μL of Ag NP solution, and
no Rabi splitting was observed in the extinction spectrum;
hence the nanoparticles are in the weak coupling regime.

Indeed, at least ∼15 TDBC molecules are needed to form a
single J-aggregate unit.34 In fact, in a classical description of
coupled oscillators, the Rabi splitting energy increases with the
number of particles in the medium:9

ω ω
ε

Ω = − =+ −
N
V

e
m

2

0

where Ω, N, V, ω+, ω−, e, m, and ε0 are Rabi splitting frequency,
number of particles, volume, UPB frequency, LPB frequency,
electron charge, electron mass, and permittivity of free space,
respectively. Depending on the dye concentration, the coupling
can be divided into three main parts: weak coupling regime (no
splitting in the bare optical modes), strong coupling regime
(new optical modes emerge as UPB and LPB), and finally
ultrastrong coupling regime (Rabi splitting energy is at least
∼15% of the bare plasmon or exciton resonance energy18),
Figure 2b. It should be noted here that in a previous study the
number of dye molecules on the plexcitonic nanoparticles was
irreversibly controlled by laser-induced photodegradation.28 In
another study, the Rabi splitting energy was reversibly switched
by using photochromic dye molecules in a large cavity (not a
plexcitonic nanoparticle) formed by two flat silver thin films of
35 nm thickness.18 In addition, we studied the kinetics of J-
aggregate formation on the surface of Ag NPs and hence
plexcitonic nanoparticle formation in aqueous medium as
shown in Figure 2c,d. The rate of plexciton formation was

Figure 1. Plexcitonic nanoparticle formation: Self-assembly of dye
molecules on Ag NPs. (a) Schematic representation of the self-
assembly process. (b) Extinction spectra of Ag NPs and 0.1 mM
TDBC in aqueous solution. Localized plasmon resonance of the Ag
NPs is at around 600 nm. The broad absorbance peak at around ∼513
nm is a TDBC monomer spectrum, and the sharp absorbance peak at
around ∼587 nm originates from the aggregated TDBC molecules. (c)
Extinction spectrum of plexcitonic nanoparticles formed by self-
assembly of individual TDBC molecules on Ag NPs in aqueous
solution. Two new polariton branches are formed.

Figure 2. Tunable plexcitonic nanoparticles. (a) Extinction spectra of
Ag NPs synthesized with varying concentrations of TDBC molecules.
The amount of TDBC molecules in the Ag NPs solution increases
from sample 1 to 6. The TDBC concentration is 0.1 mM, and the
volume of the dye varies. (b) Rabi splitting energy increases with the
concentration of TDBC. As the concentration of dye molecules
increases, a transition from weakly coupling to ultrastrong coupling
regime is observed. (c) Extinction spectra of sample 4 as a function of
time; each spectrum is taken after ∼2 min. (d) Plot of extinction at
587 nm vs time for sample 4. As clearly shown in the figure, in less
than a few minutes the plexcitonic nanoparticles are directly formed.
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evaluated from the variation of absorbance at the extinction
resonance of 587 nm. Indeed, the plexcitonic nanoparticle
formation is relatively fast and occurs within a few minutes.
Previously, the kinetics of J-aggregate formation (showing an
absorbance maximum at around 409 nm) on spherical gold
nanoparticle colloids having a localized plasmon resonance
wavelength at around 550 nm were vastly studied, and the J-
aggregate formation rate was measured to be less than a
minute.36 This value is similar to the values reported here;
however direct comparison is again difficult since (i) the
nanoparticles and dyes used in the previous study are different
from the nanoparticles and dyes used in this work and (ii) J-
aggregate absorption resonance frequency and gold nano-
particle plasmon resonance frequency are far away from each
other so that there is no plexcitonic nanoparticle formation.36

Furthermore, electrodynamic simulations of single plexcitonic
nanoparticles were done using the commercially available finite
element method COMSOL, Figure 3a. A single Ag nanoprism
with an edge length of 54 nm and a thickness of 10 nm was
suspended in air. Optical constants of the J-aggregate film were
taken from the previous studies.16,37 The Rabi splitting energy
increases with the J-aggregate film thickness. The agreement
between the simulation and experimental data is generally very
good. For example, the calculated Rabi splitting energy (i.e.,
∼400 meV) of the plexcitonic nanoparticle with a 4 nm thick J-
aggregate film matches the Rabi splitting energy of the
plexcitonic nanoparticles synthesized by using a 3 × 10−5 M
dye solution, Figure 3b.
The plexcitonic nanoparticles shown in Figure 2 were

synthesized by using a 0.1 mM TDBC solution where most of
the dye molecules are in aggregated form as shown in Figure
1b. Therefore, it can safely be concluded that the J-aggregates
on Ag NPs are due to the assembly of (i) monomers or (ii)
aggregated dye molecules. When TDBC concentration is
lowered, for example 1 × 10−5 M, the absorption spectrum
shows a broad absorbance band at around ∼513 nm, which
demonstrates that all TDBC molecules are in the monomer
form, as shown in Figure 4a.27 Now it is clear that there are not
any aggregated dye molecules in the medium. Surprisingly,
when a monomer dye solution is used in the synthesis,
individual dye molecules self-assemble on Ag NPs and form

plexcitonic nanoparticles, as shown in Figure 4b. The Rabi
splitting energy increases with the volume of the dye solution
added to the silver nanoprism solution. Here we assumed that

Figure 3. Electrodynamics simulations of tunable plexcitonic nanoparticles. (a) Extinction spectra of a single Ag NP with varying J-aggregate film
thickness computed using COMSOL. The J-aggregate film thickness ranges from 0.2 to 1.0 nm. The Rabi splitting energy, the separation between
the polaritonic branches, increases with the dye film thickness. (b) Calculated Rabi splitting energy values from the extinction spectra in (a). Notably,
the Rabi splitting energy increases with the J-aggregate film thickness, which is in close agreement with the experimental results shown in Figure 2.
(c) Distribution of the calculated electric field on the single plexcitonic nanoparticle for three different incident wavelengths: (1) 579 nm, (2) 595
nm, and (3) 635 nm.

Figure 4. Plexcitonic nanoparticle formation with very low TDBC
concentration, 1 × 10−5 M. (a) Absorbance of a 1 × 10−5 M TDBC
solution. The broad absorbance resonance at around 513 nm indicates
that all TDBC molecules are in the monomer form. (b) Extinction
spectra of the plexcitonic nanoparticles synthesized by adding varying
volumes of 1 × 10−5 M TDBC solution in microliters. Rabi splitting
energy increases as the volume of dye added to the Ag NP solution is
increased. It is apparent from the spectra that individual TDBC
molecules aggregate on the Ag NPs and form plexcitonic nano-
particles. (c, d) The maximum absorption wavelength of aggregated
TDBC molecules on Ag NPs is modified with respect to the optical
absorption (∼587 nm) in Ag NP-free solution.
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deep quenching exactly matches the absorption peak of the
target molecule in the cell. Previously, the deep quenching in
the plexcitonic nanoparticles extinction spectrum was used as a
sensor to molecularly image biomolecules in living cells.38

A closer look at the spectra shown in Figure 4b reveals that
absorbance wavelength of the J-aggregate in solution, i.e., ∼587
nm, is progressively shifted toward longer wavelengths with an
increase in the self-assembled dye molecules on the Ag NPs,
Figure 4c,d. Recently, it has been clearly shown that absorbance
of dye molecules on a metal nanoparticle surface is different
from the absorbance of dye molecules in metal-nanoparticle-
free solution owing to the modifications of the intrinsic dye
polarizability upon adsorption on metallic nanoparticles.39

Therefore, our results support the conclusion obtained in the
previous work.39

We now turn our attention to the ultrafast energy transfer
between exciton and plasmon as a function of Rabi splitting
energy. The transient absorption spectra of bare Ag NPs show a
typical decreased absorption around 600 nm corresponding to a
plasmon resonance band and increased absorption at the low
energy side of the spectra corresponding to ESA as observed in
our previous study.33 Transient absorption spectra of Ag NPs
with dye molecules are totally different from the transient
absorption spectra of the bare Ag NPs. The plasmon band has
been quenched at the position of the exciton resonance energy
value similar to the ground-state absorption spectra. In order to
understand the effect of dye amount on the ultrafast dynamics
of energy transfer, several Ag NPs-J-aggregate samples were
prepared with varying amount of dye molecules, Figure 2a.
Transient absorption spectra of the samples 6, 5, 4, and 3 for
various time delays pumped at the UPB and LPB are given in

Figure 5 and Figure 6. Transmission ultrafast pump−probe
spectra show bleach signals for samples indicated in Figure 5 at
around 500−550 nm along with a positive signal between two
bleach signals regardless of the pump wavelengths. In our
previous study, we obtained similar results for plexcitonic
nanoparticles synthesized by using Br-assisted synthesis.33

Bleach signals appear at zero time delay for both UPB and
LPB of samples shown in Figure 5, which indicates that there is
a coherent energy exchange between excitons and plasmons.29

The positive signal is assigned to ESA in the literature.40,41 The
positive signal can be attributed to temporary electron transfer
from J-aggregates to Ag NPs. In this sense, the coupling
strength between plasmon and exciton increases from samples
3 to 6, leading to evolution of the center positive signal. Our
experimental setup time resolution is 100 fs, so that we could
not observe electron transfer contribution to positive signal,
which is faster than 50 fs. Another bleach signal appears at the
LPB due to the strong coupling for samples demonstrated in
Figure 5, as observed in our previous study.33 When the Rabi
splitting energy (coupling strength) is very low, as it is for
sample 3, transient absorption spectra look like bare plasmon
spectra, Figure 6a,b.
The lifetime of the decay curves of the lower energy bleach

signal (630 nm) is shorter for a UPB (∼0,75 ps) than an LPB
(1,8 ps), which may be due to the nonradiative energy transfer
from the UPB to lower energy states owing to the transition of
upper branch polaritons to lower energy states through
emission of phonons.42−44 Consequently, the following
conclusions can be drawn from the pump−probe experiments:
(i) Transient absorption spectra of the samples shift to the
higher energy region due to shifting of the UPB and LPB for

Figure 5. Ultrafast energy transfer between excitons and plasmons in tunable plexcitonic nanoparticles. Transient absorption spectra of plexcitonic
nanoparticles,: (a, b) sample 6, (c, d) sample 5, and (e, f) sample 4 for varying time delays. The polaritonic branches are selectively excited for each
sample, as indicated by a vertical dotted line corresponding to the central wavelength of the pump pulses. Linear absorption spectra of the samples
are given in Figure 2a.
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each sample. (ii) Sample 6, which has the largest Rabi splitting
energy among the studied samples, exhibits the largest bleach
and transient absorption signals for both pumping energies.
(iii) As the coupling strength increases, the samples show
longer lifetime for both upper and lower bleach signals due to
electron oscillation between plasmon and exciton. Therefore,
the longest lifetime was observed for sample 6, which has the
largest Rabi splitting energy. (iv) In agreement with the
previous studies,44 the lower polariton is long-lived but the
upper polariton is short-lived.
In summary, we have demonstrated a simple, straightforward,

but highly effective new route for controlling self-assembly of
dye molecules on Ag nanoprisms. By simply adjusting the
concentration of dye molecules in the reaction medium,
plexcitonic nanoparticles with tunable optical properties in
the visible spectrum have been synthesized. The synthesized
nanoparticles show tunable Rabi splitting energies. A transition
from the weak to the ultrastrong coupling regime has been
observed. The finite element simulations and experimental data
indicate that the Rabi splitting energy increases with the
number of dye molecules assembled on the Ag nanoprisms. In
addition, in this work, ultrafast energy transfer between
plasmonic nanoparticles and excitonic aggregated dye mole-
cules has been extensively studied as a function of Rabi splitting
energy. Unlike the previous studies, we have shown that
individual dye molecules self-assemble on Ag NPs and
construct J-aggregate nanostructures right on the Ag nano-

prisms. In less than a few minutes, the dye molecules directly
and immediately self-assemble on Ag nanoprisms. The hybrid
nanoparticles presented herein are easy to prepare in large
quantities and can be assembled on a variety of solid substrates.
The plexcitonic nanoparticles with tunable optical properties
are very promising for a variety of applications including room-
temperature quantum optics, biosensors, nanoscale light
sources, and nanoscale energy transport.7,45 Especially,
controlling the number of dye molecules assembled on metal
nanoprisms has a direct influence on the number of excitons
(∼15 dye molecules generate one exciton) coupled to plasmon
polaritons on Ag NPs, and hence room-temperature-tunable
quantum optics on a single Ag NP level can be envisaged.28

Another interesting application of the presented nanoparticles
is controlling optical properties of plexcimons, which are a
recently discovered plasmon−exciton−plasmon ultrahybrid
optical state.9 For example, group velocity of plexcimons can
be easily manipulated by controlling only the number of
excitons on Ag NPs.
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