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1. Introduction

Localized surface plasmon resonance (LSPR) is the collective
resonance of the surface electrons of metal nanoparticles
(NPs) when interacting with the electromagnetic field of inci-
dent light"). Based on the interaction between LSPR and nearby
quantum emitters (atoms, molecules, quantum dots, etc.), a
wealth of correlation effects and novel physical phenomena
can be produced®?!. According to the strength, the coupling
effects can be classified into weak and strong coupling
regimes!'*). In strong coupling, electromagnetic modes generate
a quick energy exchange with matter, which is faster than its
mode damping, leading to modification of the spectroscopic
response (two new normal modes), which is known as vacuum
Rabi splitting!!. In particular, strong coupling between LSPR in
metal nanostructures and quantum emitters has become a hot
spot in the field of quantum optics'®'®). For strong coupling
investigations, researchers have tried various types of nanostruc-
tures, such as Ag core-shell nanostructures'®, Ag nanoprisms!”),
Ag nanorods'®!, Au NPs", Ag nanoshells'*’!, and Ag@Au hol-
low nanoshells (HNSs)*. Among these metallic plasmonic con-
figurations, the hybrid system of Ag@Au HNS and J-aggregated
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We investigate the strong coupling from 55'6,6-tetrachloro-1,1-diethyl-3,3'-di(4-sulfobutyl)-benzimidazolocarbocyanine
(TDBC) molecules near pure nano-triangular Ag prisms or Ag@Au hollow nanoshells. When TDBC molecules are deposited
on pure Ag nanoprisms or Ag@Au hollow nanoshells with the plasmonic resonance peak, matching very closely with the
absorption band of TDBC J-aggregates, obvious Rabi splitting can be observed due to the strong coupling regime. Meanwhile,
the photoluminescence intensity decreased with the increasing of the temperature, verifying the decreasing plasmon-
exciton coupling interaction in the higher temperature. Our experimental results are coincident with the simulation results

Keywords: surface plasmon; nanoshells; plasmon-exciton coupling; Rabi splitting.

dyes is the ideal choice for the plasmon-excitons (plexcitons)
coupling research, with the plasmon peak of the HNS tuned
from 450 to 900 nm!"),

J-aggregates are the assemblies of molecules with a very
intense, narrow absorption band (J band), which is red-shifted
to a longer wavelength by comparison with the monomer
absorption band!'?!. Now, great scientific interest in J-aggregates
has grown continuously. A large variety of cyanine dyes has been
reported: 1,1’-diethyl-2,2’-cyanine (PIC), 5,5,6,6-tetrachloro-
1,I’-diethyl - 3,3’-di (4-sulfobutyl) -benzimidazolocarbocyanine
(TDBC), 1,1’,3,3-tetraethyl-5,5,6,6’-tetrachloro-benzimidazo-
locarbocyanine (TTBC), 3,3’,9-triethyl-5,5’-dichlorothiacarbo-
cyanine (TDC), 3,3’-bis(sulfopropyl)-5,5’-dichloro-9-ethyl-
thiacarbocyanine (THIATS), and so on'"*, Among these dyes,
TDBC has been the subject of a large number of investigations,
including spectral properties and morphologies'**!, photochem-
, and exciton dynamics''®'. This is due to the certain dis-
tinct advantage of TDBC, which does not require a high
concentration to form J-aggregates in an aqueous solution at
room temperature (RT). Moreover, the absorptivity in the peak
of the J band is up to 600,000 cm? /mmol (per molecule in the
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J-aggregate), which far exceeds the absorptivities of other known
J-aggregating dyes''?),

In recent years, strong coupling systems based on metal nano-
structures and J-aggregate systems have increasingly become a
research hotspot in the field of nanoscience, including several
research areas, such as the research on LSPR-based biosen-
sors!®), light-matter interaction on the single-photon level !,
low-temperature strong coupling phenomena’”), and a length
tunable optical microcavity!'®!. Although strong coupling in the
Ag@Au HNS/J-aggregate hybrid system has been reported*),
tunable plexcitons coupling of anisotropic noble metallic
nano-triangular prisms and J-aggregated dyes with unique opti-
cal properties still needs further exploration.

In this paper, we choose the fairly stable J-aggregated TDBC
molecules and the triangular Ag nanoprisms or Ag@Au HNS
with excellent optical and structural properties to build the tun-
able plexcitons strong coupling system. In our experiments, Rabi
splitting can be clearly observed in pure Ag NPs or Ag@Au HNS
with J-aggregated dyes at RT, with the changing of the split
peaks’ intensities and positions due to the different LSPR modes
of the two kinds of NPs. Moreover, the photoluminescence (PL)
intensity tends to decrease with the increasing temperature,
showing more prominent local field enhancement effects in
the lower temperature. It indicates weaker coupling interaction
between the metallic NPs and the dyes in the higher tempera-
ture, to a certain extent, identical with the results of tempera-
ture-dependent observations in the similar plexcitons
coupling system reported previously'”).

2. Experimental Section
2.1. Sample preparation

2.1.1. Ag nanoprisms and Ag@Au HNS synthesis

The preparation of Ag nanoprisms is divided into seed prepara-
tion and particle synthesis. First, aqueous trisodium citrate
(5 mL, 2.5 mmol/L), aqueous poly (sodium styrenesulphonate)
(PSSS; 0.25 mL, 500 mg/L), and freshly prepared aqueous
NaBH, (0.3 mL, 10 mmol/L) were mixed in the magnetic stirring
process. Then, prepared aqueous AgNO; (5 mL, 0.5 mmol/L)
was added at a speed of about 2 mL/min during stirring.
After about 30 min, the solution changed to dark yellow, indi-
cating that Ag NPs were formed. Secondly, the ascorbic acid
(150 pL, 10 mmol/L) and seed solution of 500 pL prepared in
the first step were added into 10 mL ultrapure water, and, then,
the prepared aqueous AgNO; (6 mL, 0.5 mmol/L) was added ata
speed of about 1 mL/min at the same time of stirring to synthe-
size Ag NPs with the LSPR at 567 nm. Finally, the Ag NPs were
stabilized by the addition of aqueous trisodium citrate (1 mL,
25 mmol/L)!"").

The Ag@Au HNS synthesis was also completed in two steps.
In the first step, 9 mL of Ag NPs solution were refluxed for
10 min. In the second step, the HAuCl, (130 pL, 3 mmol/L)
aqueous solution was added dropwise. After that, we refluxed
the mixture for 20 min until its color became stable. Vigorous
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magnetic stirring is necessary in these steps. The solution was
then centrifuged with water twice (10,000 r/min, 7 min)2°,

2.1.2. Ag nanoprisms or Ag@Au HNS/J-aggregate hybrid fabrication

TDBC sodium salt was purchased from Shanghai Rechem sci-
ence Co., Ltd. Ag@Au HNS/TDBC hybrid was produced by
combining TDBC aqueous solution (2200 pL, 100 pmol/L)
and 5 mL Ag@Au HNS solution under gentle magnetic stirring.
In the same way, Ag NPs/TDBC hybrid was produced by com-
bining TDBC aqueous solution (2500 pL, 100 pmol/L) and 6 mL
Ag NPs solution under gentle magnetic stirring. After at least
24 h, both hybrid syntheses were centrifuged with water
(10,000 r/min, 7 min) to remove excess TDBC dye molecules.

2.1.3. APTES functionalization

All of the samples were prepared in aqueous solution.
Nevertheless, fluorescent spectra at low temperatures require
them to be assembled on solid substrates. Now, we will explain
how to assemble the hybrid nanostructures on a glass sub-
strate®!). The glass sheet was immersed in 3-aminopropyl-
triethoxysilane (APTES) for chemical functionalization of the
self-assembled monolayers. This method is based on the cova-
lent bonding of APTES molecules to hydroxyl terminated glass
surfaces. As a result, positive charges are created at the glass sur-
face. The functional glass substrate was immersed in the pre-
pared metal particle solution and allowed to stand for 24 h,
followed by nitrogen and ultrapure water cleaning.

2.2. Characterization

A PERSEE Tu-1901 instrument was used for the absorption
spectral test. A liquid nitrogen cooled charge coupled device
(CCD) with a spectrometer (Princeton Instruments) was used
for the steady-state PL spectral detection. The PL was excited
by a continuous light source (mercury lamp, setting the illumi-
nation wavelength at 532 nm). A microchannel plate photomul-
tiplier tube (Hamamatsu) was used for photon counting.
Transmission electron microscope (TEM) analysis was per-
formed using a TECNAI G2F20 instrument, and scanning
TEM (STEM) analysis was performed using a JEM2100F instru-
ment; the samples were prepared by drop-casting 10 pL solution
onto a Lacey Formvar/Carbon Film Coated Grids overnight and
allowing the solvent (water) to evaporate naturally.

2.3. Simulations

The commercial software FDTD Solutions from Lumerical
Solution, Inc., Canada, which is based on the finite-difference
time-domain method, was used to simulate plexcitons coupling.
A total field-scattered field source is injected onto Ag NPs or
Ag@Au HNS without and with a TDBC shell, and
the simulation wavelength ranges from 400 to 800 nm. The
measured dielectric constants of Ag and Au are used in the
simulation, which are included in Refs. [22,23], respectively.
The optical properties of TDBC are described by a Lorentzian
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function, e(w) = &y — fw}/(wf — @ — iyow)**). The thickness
of the TDBC shell is taken as 3 nm with an oscillator strength
of f=0.1 and an exciton peak width of y, = 60.2meV, and
its absorption line w, is at 587 nm. The refractive index of the
surrounding matrix is set to 1.33 for water (g, = 1.33). The elec-
tric field distribution images around the NPs and HNS are
extracted from the frequency domain field profile monitors.
The region inside and around the NPs and HNS is meshed by
a three-dimensional nonuniform grid with a size of 0.5 nm.
To save the computational memory and time, perfectly matched
layer absorption boundary conditions in the simulation region
and symmetric boundary conditions for the NPs and HNS were
used. Convergence testing was performed to assert the simula-
tion results.

3. Results and Discussion

3.1. Experimental strong coupling of plasmons and excitons

The self-assembly processes of J-aggregated dyes in Ag nano-
prisms and Ag@Au HNS are shown in Fig. 1(a). Figure 1(b)
shows the chemical structure of a TDBC molecule. In the mix-
ture of the NP colloidal solution and the TDBC solution, the cit-
rate is adsorbed to the Au NPs surface through oxygen and can
be easily replaced by TDBC molecules. So, the TDBC self-
assembly is realized through ligand exchange reaction between
the citrate and TDBC molecules'”’.

The triangular edge structure of Ag nanoprisms and the
Ag@Au HNS can be seen from the TEM images in Figs. 2(a)
and 2(b) and the STEM images in Figs. 2(f) and 2(h). At first,
Ag nano-triangular prisms were synthesized as the templates.
When Au ions were added, the Ag atoms were replaced by
electrochemical reduction (galvanic replacement reaction,
GRR)*!, Subsequently, the Au ions become Au atoms depos-
ited on the surface of Ag NPs, as the Ag particles continue to
participate by the GRR. The holes in the shell region serve
as channels to help form the hollow Ag@Au nanostructures.
The above point can be proved from the elemental maps shown
in Figs. 2(e) and 2(g) and the EDX shown in Fig. 2(i) and Table 1.
Fig. 2(c) shows the structure of TDBC-doped Ag nanoprisms,

(b)

N+ =M\

Plasmon

Exciton Plexciton

Fig. 1. (a) Schematic diagram of the hybrid of Ag nanoprisms and Ag@Au HNS
embedded in an ensemble of ]-aggregate (TDBC). (b) The structural formula of
a TDBC molecule.

Vol. 19, No. 12 | December 2021

(&)

3000 Il (ntegrated EDX Drift corrected spectrum image
@ Au
5 2000 Agl
e - Ag Au Ag

1000 1 1

0 N . . .
0 5 10 15 20 25

Energy (keV)

Fig. 2. TEM images of (a) Ag NPs, (b) Ag@Au HNS, (c) Ag NPs/TDBC, and
(d) Ag@Au HNS/TDBC. (e) and (g) Mapping of elements (distribution of
Ag/Au element) of Ag NPs and Ag@Au HNS. (f) and (h) STEM images of Ag
NPs and Ag@Au HNS. (i) The energy dispersive X-ray spectroscopy (EDX)
analysis of Ag@Au HNS.

and Fig. 2(d) shows the structure of TDBC-doped Ag@Au
HNS. Since the J-aggregate absorption peak of TDBC dye mol-
ecules is around 587 nm [as shown in Fig. 3(a)], in order to help
achieve strong Rabi splitting, the wavelength of LSPR of Ag@Au
HNS is adjusted to 586 nm by accurately controlling the thick-
ness of the Au shell, as shown in Fig. 3.

Figure 3(a) shows the absorption spectrum of TDBC dye mol-
ecules. The J-aggregate absorption peak is around 587 nm,
which is consistent with the literatures”'*!. From Fig. 3(b),

Table 1. EDX Spectrum Analysis of Ag@Au Hollow Nanostructure.

Element Weight (%) Atomic Fraction (%)
Ag 7356 83.55
Au 26.44 16.45
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Fig. 3. (a) Ultraviolet-visible absorption spectrum of TDBC dye molecules.
(b) Utltraviolet-visible absorption spectra of four nanostructures (black line
indicates Ag NPs, red line indicates Ag@Au HNS, blue line indicates Ag
NPs/TDBC, and green line indicates Ag@Au HNS/TDBC).
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we can see that the LSPR of the Ag nanoprisms is located at
567 nm [the black line in Fig. 3(b)], not exactly matching the
TDBC resonance band (587 nm). When the Ag nanoprisms
interact with the excitons of TDBC, the absorption spectrum
of the corresponding system (Ag NPs/TDBC) splits into a strong
peak (512 nm, 2422 meV) and a weak peak (627 nm, 1978 meV),
so the Rabi splitting is around 444 meV, as shown in the blue line
in Fig. 3(b).

For the LSPR of Ag@Au HNS [586 nm, red line in Fig. 3(b)],
whose mode matches the exciton peak of TDBC (587 nm), the
strongly coupled hybrid exhibits obvious mode splitting. The
absorption spectrum of the corresponding system (Ag@Au
HNS/TDBC) splits into two new polariton peaks at 551 nm
(2251 meV) and 647 nm (1917 meV), which exhibit comparable
intensities. The Rabi splitting is around 334 meV, as shown in
the green line in Fig. 3(b), which is smaller than that of Ag NPs/
TDBC. Compared with solid core Ag nanoparticles, Ag@Au
HNS has a unique voluminous void space, so it can improve
radiation absorption efficiencies through “light trapping”
effects. Simultaneously, the hollow materials can enhance light
harvesting!*® and lead to different plasmon modes, which may
cause a stronger coupling between Ag@Au HNS and TDBC than
that between Ag NPs and TDBC.

Although the Rabi splitting of the absorption peak
already indicates strong coupling between Ag NPs/Ag@Au
HNS and TDBC, in order to better understand the physical
mechanism involved, we adopt a more general strong coupling
criterion*”?%);

o+

T (1)

g >
where g is the coupling strength, and I';; and y, are the full width
at half-maximum (FWHM) line-widths of the plasmon and the
exciton, respectively. When the inequality is satisfied, it can be
thought that strong coupling has happened. The coupling
strength g can be obtained by solving the following formula:

(wy—w_)?

T — )22
) \/(“’Pl —00)’ (T =ro) + [4g2 T (- wp)? —M] ,

4
)

where wy is the energy level of LSPR, wy is the energy level of the
exciton, w, is the energy level with high energy after coupling,
called the upper branch, and w_ is the energy level with low
energy after coupling, called the lower branch. By using Eq. (2),
the coupling strength g of the hybrid system of Ag NPs/TDBC is
241.7 meV, and the coupling strength g of the hybrid system of
Ag@Au HNS/TDBC is 298.5 meV, both of which satisty the
inequality in Eq. (1), indicating that strong coupling has hap-
pened in both systems. The coupling strength of system 2 is
greater than that of system 1, which shows that strong coupling
between Ag NPs/Ag@Au HNS and TDBC is enhanced by the
adjustment of the peak value.
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Fig. 4. (a) Fluorescent spectra of Ag NPs/TDBC and Ag@Au HNS/TDBC.
(b), (c) Temperature-dependent fluorescence intensity curves of Ag NPs/
TDBC and Ag@Au HNS/TDBC measured at T = 100-300 K.

The fluorescent spectra of the hybrid system of Ag NPs/
TDBC and Ag@Au HNS/TDBC at RT are shown in Fig. 4(a).
The fluorescence peaks of the two systems are both around
577 nm. Figures 4(b) and 4(c) show the variation curves of
the intensity of the hybrid system of Ag NPs/TDBC and
Ag@Au HNS/TDBC when the temperature gradually decreases
from RT (300 K) to 100 K. In Fig. 4(b), the fluorescence intensity
of the hybrid system of Ag NPs/TDBC shows an upward trend as
the temperature decreases. At certain temperatures (240 K,
180 K, and 100 K), there will be a downward trend, but the over-
all trend remains rising. In Fig. 4(c), the fluorescence intensity of
the hybrid system of Ag@Au HNS/TDBC also shows an upward
trend with the decrease of temperature. At a certain temperature
(only 100 K), there will be a downward trend. But, the overall
trend keeps rising. It can be seen that when the temperature
gradually decreases, there appears to be more local field
enhancement. Up to a certain extent, the results illustrate that
the coupling between Ag NPs/Ag@Au HNS and TDBC is
strongly affected by temperature changes, similar to literature
information'”,

3.2. Simulated strong coupling of plasmons and excitons

To explain the observed positions and intensities of the absorp-
tion peaks varying with the LSPR modes and the structures of
the Ag NPs or Ag@Au HNS with J-aggregated dyes, the near
field distributions for the two systems were simulated using
the FDTD method. As shown in Figs. 5(a)-5(h), strong electric
fields (|[E/E,|) are observed around the surfaces of Ag NPs and
Ag@Au HNS, and Rabi splitting can also be clearly observed in
the hybrid nanostructures. It should be noted that the simulation
spectra of four nanostructures are a little different from those
obtained in the experiment. This can be mainly ascribed to
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Fig. 5. Electric field (|£/£) distribution images for the (a) pure Ag individual
NP with LSPR peak at 565 nm, (b) TDBC-doped Ag NPs ensemble with LSPR
peak at the upper branch (w.) maximum (544 nm), (c) TDBC-doped Ag NPs
ensemble with LSPR peak at the minimum (577 nm), (d) J-aggregate-doped
Ag NPs ensemble with LSPR peak at the lower branch [w_]) maximum
(607 nm), (e) Ag@Au HNS individual nanoparticle with LSPR peak at
589 nm, (f) TDBC-doped Ag@Au HNS ensemble with LSPR peak at the upper
branch (e,) maximum (559 nm), (g) TDBC-doped Ag@Au HNS ensemble with
LSPR peak at the minimum (583 nm), and (h) J-aggregate-doped Ag@Au HNS
ensemble with LSPR peak at the lower branch (w_) maximum (612 nm).
(i) Simulation extinction spectra of four nanostructures (black line indicates
Ag NPs, red line indicates Ag@Au HNS, blue line indicates Ag NPs/TDBC, and
green line indicates Ag@Au HNS/TDBC).

the ideal models of theoretical simulations and the irregular
shape of Ag NPs and Ag@Au HNS in the experiment.

4. Conclusion

In summary, bimetallic HNSs with controlled LSPR were syn-
thesized. After TDBC molecules were deposited on the bimetal-
lic HNS, the absorption spectra and PL spectra were studied.
Strong coupling was observed by precisely adjusting the LSPR
of NPs to match the molecular absorption band; meanwhile,
the coupling phenomenon is stronger than that of Ag nano-
prisms. In the variable temperature experiment, the coupling
strength can be inferred by observing the change of PL intensity,
which tends to decrease with the temperature increasing.
Finally, the strong coupling experimental results have been suc-
cessfully verified by the FDTD simulation.
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