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ABSTRACT: We experimentally and theoretically investigate the interactions
between localized plasmons in gold nanorods and excitons in J-aggregates under
ambient conditions. Thanks to our sample preparation procedure we are able to
track a clear anticrossing behavior of the hybridized modes not only in the extinction
but also in the photoluminescence (PL) spectra of this hybrid system. Notably, while
previous studies often found the PL signal to be dominated by a single mode
(emission from so-called lower polariton branch), here we follow the evolution of
the two PL peaks as the plasmon energy is detuned from the excitonic resonance.
Both the extinction and PL results are in good agreement with the theoretical
predictions obtained for a model that assumes two interacting modes with a ratio
between the coupling strength and the plasmonic losses close to 0.4, indicative of the
strong coupling regime with a significant Rabi splitting estimated to be ~200 meV.
The evolution of the PL line shape as the plasmon is detuned depends on the

illumination

extinction

PL intensity, a.u.

Extinction, a.u.

.zmsmg,., ,m‘

illumination wavelength, which we attribute to an incoherent excitation given by decay processes in either the metallic rods or the

J-aggregates.

O ne of the main objectives of nanophotonics research is
the control of the light—matter interaction on the
nanoscale. The coupling between plasmonic and excitonic
resonances (plexitonic coupling)' ™" is of great interest in
fundamental studies and for many practical applications in
integrated optics, optoelectronics, imaging, and sensing.s’6 The
interaction between plasmons and excitons strongly affects
energy and electron-transfer pathways’ and, as a result,
absorption and emission properties.” Especially attractive for
many applications is the so-called strong coupling regime,
produced when the rate of coherent energy exchange between
the excitonic and plasmonic systems exceeds the rate of the
losses in the system.’ If both the excitons and the plasmon
modes are modeled as coupled harmonic oscillators, the
energies of the new hybrid plexcitonic modes are given by”'
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where g is the interaction coupling strength between the two
oscillators, @, and @, are the angular frequencies of the
plasmonic and excitonic excitations, respectively, and 6 = Wy —
@, is the detuning. The losses are described by the plasmonic
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damping « of the metallic nanoparticle and the spontaneous
decay y, and pure dephasing y4 rates of the emitter. For
sufficiently low losses, these new eigenstates with energies E,
and E_ spectrally reveal themselves as the upper (UR) and
lower (LR) resonant peaks, respectively, that anticross as § —
0. When the exciton resonance energy matches the plasmonic
band energy (6 = 0), the term Re(E, — E_) (where Re indicates
the real part) gives the energy of the Rabi splitting #Q; = Re(E,
— E_). The onset of the strong coupling regime can be
identified by the positive value of the Rabi splitting 78, > 0
defined by eq 1, which for negligible losses reaches Qy = 2lgl. A
more demanding condition requires £ to be at least
comparable to the losses, so that the separation between the
two modes is not much smaller than their width.'" The strong
coupling regime can also be identified by the emergence of Rabi
oscillations in the time evolution, as recently demonstrated for
several plasmonic systems.'>"?

One of the advantages of plasmonic structures is the
extremely low modal volume associated with their electro-
magnetic resonances, one of the prerequisites for achieving
strong coupling strengths, g; however, because of the very fast
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decay rates of plasmons, it still remains very challenging to
achieve strong coupling #Qy > 0 for single molecules or
quantum dots with moderate oscillator strengths.'*™"° In this
respect, coupling the plasmons with excitons of organic dyes in
the J-aggregated state is of significant interest for the
development of advanced photonic technologies based on
organic—inorganic hybrid nanosystems. This is due to the
ability of J-aggregates to delocalize and migrate excitonic energy
over a large number of aggregated dye molecules, which results
in an extremely high oscillator strength.'” Other organic
molecules have also been used in previous studies.>"”

While observation of Rabi splitting in extinction or
transmission spectra of plexitonic structures that combine
metal nanoparticles and J-aggregates has been reported in a
number of publications (Supporting Information $1*°7*° and
$2%77%%), photoluminescence (PL) properties of a plexitonic
hybrid system in the strong coupling regime are more elusive to
experimental investig21tion.36’39 Treating the system as two
simple coupled modes leads to a Rabi splitting in both the
extinction spectra and the PL,*>*' but observing the latter can
be hindered by other phenomena, as, for example, changes in
the dynamics of the energy transfer and recombination
processes between the levels of the complex electronic structure
of the J-aggregates involving vibrational sublevels,** defect
states in J-aggregate systems, and sometimes the presence of
incoherent (uncoupled or undressed) states in coupled
systems.’® These might be the reasons why observation of
emission from both UR and LR branches in PL spectra of
plexitonic nanostructures has, to the best of our knowledge, not
yet been reported.

In this study we identify Rabi splitting in PL spectra by
investigating the strong exciton—plasmon interaction in a
system consisting of J-aggregates of cyanine dye and gold
nanorods. We first estimate the Rabi splitting at zero detuning
from the anticrossing behavior of the bands in extinction
spectra. To that end the resonant wavelength of the nanorods is
tuned to control the spectral overlap between the exciton and
plasmon bands. We obtain an y value similar to the largest
splittings observed in planar organic microcavities or in
plexitonic systems based on gold particles. Next, we focus on
the signature of the strong coupling in the evolution of the PL
modes, which we can identify due to the pronounced emission
from both the UR and LR branches. The evolution of the
modes is consistent with the results from the extinction, which
corroborates the interpretation of the modes in terms of an
anticrossing. We further use a theoretical model of emission to
analyze the PL spectra and discuss their dependence on the
excitation wavelength.

Gold nanorods (65.5 nm X 14.9 nm - sample g in Figure 1;
see also Supporting Information S3 and S4) were prepared
using Ag-assisted seeded growth,” and subsequently partially
oxidized"* to obtain nanorods with desirable aspect ratio
(Supporting Information S3) and position of the plasmon
bands (Supporting Information S4). In this way nanorods of
similar diameter (in the range of 15—18 nm) but of different
lengths (from 34 to 65.5 nm) were specifically synthesized to
study exciton/plasmon coupling as a function of detuning with
respect to the position of the J-band in the extinction spectrum
of JC-1 dye J-aggregates. TEM imaging of nanorods presented
in Figure 1 confirms the nanoparticles dimensions.

Using the poor solubility of the selected cyanine dye in water
and its ability to form J-aggregates in a medium of high polarity,
we produced hybrid structures of gold nanorods and J-
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Figure 1. (a—g) TEM images of gold nanorods with different aspect
ratios and (h) representative surface-enhanced Raman spectrum of the
hybrid nanostructure of gold nanorods (sample c) and the J-aggregates
of JC-1 dye (red line) in comparison with Raman spectrum of JC-1
dye on a gold film (black line). The PL background was subtracted in
both spectra in panel h. The scale bar in panel f is valid for all samples

(a—g).

aggregates by injection of the concentrated ethanol solution
of the dye into an aqueous solution of gold nanorods in the
presence of ammonia (see Methods). The main mechanism of
the formation of the hybrid system is assumed to be
electrostatic interactions between the cationic sites of hexa-
decyltrimethylammonium bromide (which is the agent
stabilizing the surface of Au nanorods) and anionic groups of
the J-aggregates.”” The formation of the hybrid structures has
been further confirmed by surface-enhanced Raman scattering
(Figure 1h) as the hot spots provided by Au nanorods are
expected to enhance the Raman scattering response of the
attached organic compounds.

Gold nanorods exhibit at least two plasmon resonances, a
transverse mode (TM) due to the oscillation of the electrons
perpendicular to the long axis of the rod, and a dipolar
longitudinal mode (LM) caused by oscillations along the axis.
The latter depends almost linearly on the aspect ratio, and it is
widely tunable in the visible and in the near-infrared region of
the spectrum (from 598 to 855 nm in our case, Figure 2a). On
the other hand, J-aggregates, having extremely high oscillator
strength,'” show a very narrow extinction band (J-band)
centered around 592 nm with a full width at half-maximum
(fwhm) of 8 nm. The absorption band of dye monomers is
much broader and positioned at 505 nm. Both peaks are
observed in the spectrum presented in Figure 2¢, which was
measured in the absence of nanorods. The possibility to tune
the plasmonic resonance from close proximity to the J-band to
large spectral separation is a key factor behind our choice of dye
and plasmon structures, allowing us to investigate how the
hybridized modes evolve as a function of the detuning é.

Figure 2b shows the extinction spectra of the hybrid
plasmon-exciton system formed using the nanorods of various
aspect ratios spectrally characterized in Figure 2a. The weak
peak near 500 nm is related to the nanorods TM plasmon
resonance, whose spectral position remains unaffected by the
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Figure 2. Experimental (solid lines) and simulated (dashed lines)
normalized extinction spectra of (a) gold nanorods with different
aspect ratio, (b) hybrid J-aggregates/gold nanorods complexes, and (c)
spectrum of pure J-aggregates measured in the absence of nanorods. In
panel a, samples A—G correspond, respectively, to panels a—g in
Figure 1, and the peaks are centered at 597.8, 646.3, 692.3, 725.2,
763.9, 7983, and 8544 nm. In panel b, the different spectra are
vertically shifted for clarity and the upper traces correspond to smaller
detunings 6, found for lower aspect ratios of the rods in Figure 1.
Vertical dashed-dotted line indicates the spectral position of the J-
band. The theoretical spectra use g/k = —0.4i.

presence of the J-aggregates. We focus on the other two
maxima at longer wavelengths, which correspond to the two
hybridized modes (UR and LR).

The top spectrum in Figure 2b corresponds to the hybrid
structure for the smaller detuning, which is as small as ~10 nm
(estimated from the experimental spectra) and shows a clear
double-peak structure, with the energy separating the UR and
LR peaks estimated to be 265 meV. The two peaks remain
visible and red shift as the detuning increases, with much
stronger shifts for the LR resonance so that the total spectral
separation becomes larger. The separation reaches 710 meV for
the largest detuning achieved in our experiments (lowest line in
Figure 2b).

The evolution of the energy of the two branches as obtained
from the extinction measurements is summarized in Figure 3,
where we have approximately subtracted the influence of the
peak at ~520 nm when extracting the peak position of the UR
branch. The exact UR wavelength depends on the details of this
procedure, and we estimate that a relatively small error of a few
nanometers could be introduced for the most difficult case,
which corresponds to the weakest detunings. Nonetheless,
subtracting the ~520 nm band is convenient when comparing
the peak positions from experiments with those from theory, as
the latter only exhibits the maxima corresponding to the UR
and LR branches. The results in Figure 3 are typical of an
anticrossing behavior with Rabi splitting 7#Qg ~ 200 meV (see
below the details of how to extract the value for the Rabi
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Figure 3. Results of the theoretical analysis of the peak positions in the
extinction spectra obtained for g/k = —0.4i (red circles) in comparison
with the experimental data (blue squares). The horizontal solid line
indicates the spectral position of the J-band used in the simulations,
and the diagonal dashed line indicates the plasmon resonances. Both
lines correspond to the position of the modes obtained from the
model in the absence of electromagnetic coupling. The solid red lines
indicate the simple prediction of the energy of the modes using eq 1
with the same value of Igl/k.

splitting) as a result of the strong coupling of the J-band of the
J-aggregates with the plasmon modes of the nanorods.

This value of splitting compares well with previous works
studying strongly coupled hybrid systems formed by different
silver and gold nanostructures combined with J-aggregates. To
date the highest values of Rabi energies (up to 450 meV) have
been reported for Ag/J-aggregates systems (Supporting
Information S2). However, silver is known to suffer from
rapid oxidation that strongly degrades plasmonic properties.
Although Au-based plasmonic structures are much more
photochemically stable, Au/J-aggregates systems have shown
smaller values of Rabi splitting (up to 260 meV) (Supporting
Information S1). Nevertheless the reported values as well as the
Rabi splitting obtained in our experiments are of the same
magnitude as the largest splittings observed in extended planar
organic microcavities. ">

The accurate determination of the Rabi splitting 7€,
defined as 7Qy = Re(E, — E_) for § = 0, requires the exact
values of E, (eq 1). This aspect is crucial to make a proper
comparison with experimental data and to unambiguously
identify the emergence of strong coupling; however, this
estimation is often challenging because the positions of the
experimental maxima do not exactly correspond to the values of
E,. This situation is clearly a challenge, for example, in the case
of plasmonic systems with spectral Fano-like dips,"””** where
destructive interference between two weakly coupled modes
can lead to the emergence of two peaks without real mode
splitting.

We use next a theoretical model to better identify the
emergence of strong coupling in our system. The extinction can
be addressed by classical models;”*° however, we use a
quantum approach that allows us to model both the extinction
and fluorescence, with a straightforward interpretation of the
different parameters involved. Specifically, we model the
plexcitonic structures through the Jaynes—Cumming Hamil-
tonian as a two-level system coupled to a quantized mode of a
plasmonic cavity.”' ™ The illumination is considered at this
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Figure 4. Normalized PL spectra (top seven solid lines) of the hybrid system formed by nanorods of different aspect ratios and J-aggregates,
measured when using excitation at 405 (a) and 530 nm (b), in comparison with the PL spectra of pure J-aggregates measured in the absence of
nanorods (bottom red curves). The upper spectra correspond to the smaller detuning (i.e., aspect ratio of nanorods is increased from top to
bottom). Dashed curves are the normalized results of the theoretical calculations for g/k = —0.4i, which assume incoherent excitation of (a) the
plasmon mode or (b) the J-band transition. Vertical dashed-dotted line indicates the spectral position of the J-band, and thin dotted diagonal lines

are just guides to the eye.

stage to be a classical plane wave of weak intensity I,. The
losses k and resonant energy of the plasmon for each spectrum
are obtained from measurements of the pristine plasmonic
structures. The pure dephasing y; and energy of the J-
aggregates are chosen to match the experimental results and
remain the same for all the calculations, taking reasonable
values when considering the spectra of the isolated J-aggregates.
The spontaneous excitonic decay rate y; is assumed to be very
small. The critical parameter in this model is the coupling
strength g between the J-aggregate and the plasmon. We use a
value of g/k = —0.4i, which considerably exceeds the threshold
lgl/k = 0.25 that defines the onset of the strong coupling (7Qg
> 0) for negligible molecular losses. The above condition for
7€y > 0 becomes lgl/lk — y, — 274> 0.25 if molecular losses are
included. However, it has been pointed out that it might be
more adequate to compare g with k¥ + y, + 2y, to analyze the
spectral separation between the peaks measured in experi-
ments."' In our case, k &~ 10y, so that lgl/lx + y, + 274l remains
larger than 0.25.

We also notice that the different parameters should in
principle vary from individual rod to individual rod within each
sample due to the inhomogeneous broadening caused, for
example, by the size distribution of the nanorods. We adopt
here the simpler option of using effective global values, and
incorporate the effect of the inhomogenous broadening in the
loss parameter k, which is directly extracted from the measured
spectra. If we were to focus in individual rods, a smaller value of
Kk should be used and Igl/k could be appreciably larger. Our
assumption thus gives the most conservative (weakest) lgl/x,
based on the linewidth of the measured spectra, and a larger
value should be considered in the analysis of single-rod
quantum plasmonic experiments. In summary, as the separate
analysis of each individual rod is not necessary in ensemble
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measurements, we discuss Igl/k in terms of the linewidth x of
the spectra as measured for the ensemble of pure rods. The
detailed description of the Jaynes—Cummings Hamiltonian
used and the value of the different parameters assumed are
found in the Supporting Information S6.

The predictions of the model are compared with the
normalized experimental results in Figure 2b, showing very
good agreement for both the UR and LR peaks for all nanorods
samples with different sizes. The agreement is emphasized in
Figure 3, where we compare the position of the theoretical
peaks for g/k = —0.4i (red circles) with the experimental values
(blue squares). The solid red lines correspond to the theoretical
position of the modes as obtained from eq 1, with g/k = —0.4i.
Both theoretical estimations do not superimpose because one
(lines) accounts for the energy of the actual modes, whereas the
other (symbols) considers the maximum of the peaks.
Furthermore, when evaluating eq 1 we do not take into
account that « is not identical for all samples but rather use an
average value. From eq 1 we can also estimate the Rabi energy
at zero detuning 6 = 0, obtaining AQy =~ 200 meV for g/k =
—0.4i. This value is in general agreement with our simple
estimation from the position of the experimental peaks, but the
more complete theoretical model has the advantage that it
allows us to extract the mode energy (the quantity used in the
definition of €y) from the peak positions (obtained from the
measurements). The anticrossing for a slightly larger value of g/
k = —0.5i is shown in Supporting Information S9.

Next, we study the less understood influence of strong
coupling between excitons and plasmon on the photo-
luminescence. The PL of plexitonic complexes identical to
those in Figure 2 was measured using continuous excitation at
wavelength Aor = 405 nm (Figure 4a) and AL = 530 nm
(Figure 4b). The red line at the bottom of both panels is the
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emission from the pure J-aggregates, which consists of a well-
defined J-band centered at 600 nm (fwhm = 8.2 nm) and a
monomeric peak with a maximum at 525 nm. In the following
analysis we ignore the contribution of the latter and of the TM
plasmon resonance (signal at wavelengths below ~550 nm,
which was cut off using a proper filter) because they do not
affect the coupling with the exciton emitting at ~600 nm.

For the smallest detuning & (~10 meV) between the
plasmonic resonance of the gold nanorods and the extinction
band of the J-aggregates, the PL spectrum of the hybrid system
shows two peaks (Figure 4, upper curves for both excitation
wavelengths). The spectral position of these two peaks is close
to the spectral positions of the two (UR and LR) resonances in
the extinction spectrum of the hybrid structure (Figure 2),
although the spectral distance between the two PL peaks is
slightly smaller, on the order of 230—240 meV for excitation at
wavelength ALy = 405 nm (Figure 4a) and 140—150 meV for
At = 530 nm (Figure 4b). The exact value is difficult to
determine precisely in Figure 4b because of the experimental
noise.

The observation of the emission from both the UR and LR in
the spectra of the plexitonic nanosystem at room temperature is
of particular interest because it enables the investigation of the
recombination from both UR and LR states of the strongly
coupled plexitonic system as well as the analysis of the energy-
transfer dynamics between UR and LR states. Notably, it has
been reported that the high energy state usually does not emit
at room temperature due to an efficient population transfer to
other excitonic states of the ]—a§gregates that are not coupled to
plasmonic excitations.'****** The presence of these un-
coupled emitters can be detected by the observation of a
residual absorbance (or luminescence) peak at the wavelength
of the J-band.”>*° In our experiments, the excess of J-aggregates
was separated from the hybrid nanostructures by centrifugation
and redispersion of the plexitonic structures in water in a
multistep manner. At each step the process was monitored by
measuring the extinction spectra until the residual peak at the
wavelength of the excitonic J-band completely disappeared,
indicating a strongly decreased amount of unbound J-
aggregates. The actual absence of unbound excitonic states
would explain the suppression of the relaxation of the
population toward uncoupled excitonic states (particularly at
the smallest detunings). This procedure, together with the
strongly enhanced emission from the hybridized J-band due to
the coupling, can explain why measuring the radiative
recombination from the UR branch becomes possible in our
experiment.

The evolution of the spectra with increasing detuning
depends on the excitation wavelength. The contribution from
the UR at larger energies appears in all spectra and for both
illuminations, becoming more clear as the detuning grows, and
for excitation at S30 nm. For this excitation (Figure 4b), the
lower energy LR peak vanishes very rapidly with increasing
detuning, and it is only clearly observable for the two nanorod
samples of smaller aspect ratios. The corresponding shift
between these two cases (two upper spectra) is rather weak.
For excitation at 405 nm (Figure 4a), a contribution from the
two branches is observed for all detunings, and the shift of the
LR peak, when comparing the two rods of smaller aspect ratio,
is larger than for illumination at 530 nm. Nonetheless, as
appreciated for large detuning, the LR shifts for excitation at
40S nm remain weaker than the shifts of the corresponding
extinction peaks. As discussed later and in the Supporting
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Information, this is mostly due to the PL emission being less
efficient at lower energies and not to a different 6.

We can gain additional insight into the experimental results
by tracking the signal as a function of emission wavelength A~
in a model calculation. We use the same Jaynes—Cummings
Hamiltonian as previously used for the estimation of the
extinction, but we consider now a continuous incoherent
pumping, as the coherence is lost in the luminescence process.
To reproduce the experimental results, it is convenient to
consider pumping of either the longitudinal dipolar plasmonic
mode when modeling the excitation at A% = 405 nm (Figure
4a) or the two-level J-aggregate excitation transition when
reproducing the measurements with ALy = 530 nm illumination
(Figure 4b). These choices are equivalent to arguing that, at the
higher illumination energy, PL processes due to the plasmon
excitation®” %" are more efficient than those connected with the
decay from higher energy states of the J-aggregates and vice
versa at the lower energies.

The emission spectra are then obtained following the
analytical approach introduced by Laussy et al.*' and checked
against numerical calculations. Notably, we use very similar
parameters for the calculation of the luminescence as those
used for the extinction, with only small differences in the values
of (a)PI, k) characterizing the plasmon, as these are consistently
extracted from the measurements of pristine rods for each set of
spectra, as obtained before adding the J-aggregate. When
treating the case of incoherent pumping of the plasmons, we
rescale the results obtained directly from the model by a
function F(A%y;) obtained from the experimental spectra of the
uncoupled pristine rods (see Supporting Information S6 and
S7) and add a simple background B(ALy;). The F(A%y) function
in the model introduces the energy dependence of the PL
process in metallic samples®”*”®" as well as other effects such as
the wavelength-dependence of dipolar emission. For the largest
detunings, &, the uncertainty introduced by F(Aty) can be
comparable to the coupling-induced shifts; therefore, it is
convenient in this case to focus on the results for the shorter
rods. We discuss this model in more detail in the Supporting
Information S6—S8.

We find a good agreement between the experiments and the
model theory when comparing the normalized spectra for g/x =
—0.4i with the PL spectra for both excitations A5 (Figure 4a,b).
The difference in the energies of the two resonant hybridized
peaks for the smallest detuning & is ~250 meV for pumping of
the longitudinal plasmon mode and roughly 150 meV for
pumping of the exciton transition. (For the latter, the LR peak
appears as a shoulder but becomes better defined if we increase
g/k.) Furthermore, as the detuning increases, the two peaks for
Jbr = 405 nm (Figure 4a) and the UR resonance for A¢y = 530
nm (Figure 4b) remain visible and evolve in a similar manner
both for the calculations and experiments. In contrast, the
strength of the LR peak for ALy = 530 nm decays very fast with
increasing detuning, in agreement with the measurements. This
would be due to the inefficient energy transfer from the more
hybrid-like mode at larger energy to the plasmon-like
resonance, when exciting the system via PL processes in the
J-aggregate. This decay of the modal strength as the detuning
increases is slightly faster in the theory, which may be related to
the contribution in the experiments from rods of lower aspect
ratio, rods uncoupled to J-aggregates, or incoherent excitation
of the exciton.

In summary, we have shown that integration of gold
nanorods with J-aggregates of a cyanine dye leads to a strong
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nanorods and J-aggregates. The strong coupling between the plasmon mode (single level to the left) in the nanorods and the exciton in the J-
aggregate (single level with vibronic structure to the right) leads to two hybridized modes (double level structure with vibronic states in the center).
When the rod resonance and the J-band appear at a similar energy (low detuning), both hybrid modes can be excited incoherently via either the
decay processes in the metal for 405 nm excitation (blue arrow) or nonradiative recombination in the J-aggregates when illuminating at 530 nm
(green arrow). For large detuning, one of the hybrid modes is essentially plasmon-like and the other is exciton-like, and the illumination strongly
affects their relative weight, with 530 nm light exciting preferentially the latter and 405 nm a more mixed balance. Black arrows show the relaxation
channels of the excitation and red arrows indicate radiative recombination pathways. The narrower horizontal lines indicate vibrational or similar
levels, which are indicated for completeness but do not need to be included in the theoretical model to reproduce the experimental result.

plexitonic coupling, observed as a double-peaked feature in the
extinction and PL spectra. In the resonant regime, the Rabi
splitting was estimated to be ~200 meV, which is among the
highest values reported to date for similar systems. The
corresponding value of Igl/k is ~0.4 when using the k extracted
from the measured extinction spectra of an inhomogeneous
assembly or rods and should be larger for single rods.
Moreover, the pronounced PL emission from both lower-
and upper-energy states has allowed us to identify and study the
influence of strong coupling on the PL spectra for two different
excitation wavelengths. The results for both of these are similar
in the case of weak detuning and indicative of Rabi splitting in
fluorescence; however, as the detuning increases, we obtain a
more clear evolution of the anticrossing when exciting at an
energy significantly larger than the transition of the J-aggregate.
We explain the difference as a consequence of predominantly
pumping the plasmonic mode for the smaller incident
wavelength A", or the J-aggregate electronic transitions for
the larger A" (see schematics of the processes in Figure 5). The
PL model also suggests a value of Igl/k around 0.4, consistent
with the value for the extinction, thus indicating the onset of
the strong coupling.

Notably, by assuming a consistent strong coupling in equally
prepared systems, the theoretical model can explain well the
observed spectral behavior in both extinction and photo-
luminescence. Nonetheless, the experimental situation is
significantly more complicated, and a more sophisticated
model could include the right distribution of rod sizes and
different degrees of J-aggregates coverage as well as provide a
more accurate description of the PL process in gold and the
complex electronic structure of the aggregate (with many
possible paths of energy transfer). Including this complexity
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could explain the remaining differences between theory and
experiments and also give a more physical understanding of the
background B(A%y), introduce the efficiency of the PL emission
(F(Aéx) factor) in a more rigorous manner, and allow us to
better understand under which conditions the incoherent
pumping of the plasmon mode or of the J-aggregate dominates
the PL signal.

Our results thus support that the anticrossing behavior
typical of the strong coupling regime can be observed in our
plexitonic system at room temperature not only in the
extinction but also in the PL spectra. These findings could
open a new avenue toward the development of novel light-
emitting nanostructures with strong exciton—plasmon inter-
action.

B METHODS

Chemicals. Cyanine dye 5,5',6,6'-tetrachloro-1,1',3,3 -tetraethyl-
imidacarbocyanine iodide (JC1), tetrachloroauric acid
(HAuCl,), sodium borohydride (NaBH,) hexadecyltrimethy-
lammonium bromide (CTAB), silver nitrate (AgNO;), hydro-
chloric acid (HCI), and ascorbic acid (AA) were purchased
from Sigma-Aldrich. Chemical structure of JC1 is shown in
Supporting Information (SS).

Formation of J-Aggregates. J-aggregates were formed using JC1
cyanine. This dye has low aqueous solubility and forms J-
aggregates sgontaneously upon dissolution of this dye in water
at pH 8.20¢

Synthesis and Owidation of Nanorods. 1.38, 1.25, 1.10, 0.8,
0.50, and 0.30 mL of Au™-CTAB complex ([Au] = 1 mM,
[CTAB] = 100 mM) was added dropwise (0.1 mL/min) and
under magnetic stirring to six different vials, each containing 10
mL of initially synthesized gold nanorods™ and labeled a—f,
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respectively. Each solution was allowed to react at 30 °C for 1
h. Subsequently, the solutions were centrifuged twice (6000—
9000 rpm, 40 min) to remove excess gold salt and redispersed
in CTAB solution (2.5 mL, 15 mM).

Formation of the Hybrid Structures. Hybrid structures of gold
nanorods and J-aggregates were produced by the addition of 10
UL of concentrated ethanol solution of JC1 dye to 1 mL of an
aqueous solution of gold nanorods in the presence of ammonia
at pH 8, followed by gentle stirring for 15 min. To separate
hybrid structures (ie., J-aggregates bound to nanorods) from
monomer dye molecules and J-aggregates, which did not bound
to gold nanorods, we centrifuged the solution at 3800 rpm for 2
min, and it was redispersed in aqueous solution.

Optical Characterization. All experiments were performed in
an ambient atmosphere at room temperature. Doubly purified
deionized water from an 18 MU Millipore system was used for
all dilutions. The optical extinction spectra were measured
using a Cary S0 spectrometer (Agilent Technologies).

Photoluminescence spectra of bare gold nanorods and hybrid
structures of gold nanorods and J-aggregates with laser
excitation at 405 nm were recorded using Olympus IX71
inverted confocal microscope system equipped with Ocean
Optics QEPro high-performance spectrometer. The PL spectra
with wavelength of excitation 530 nm were measured using a
Cary Eclipse spectrophotometer (Agilent Technologies).

Raman scattering (SERS) measurements were carried out
using a confocal Raman microscopy setup (Alpha300, 600
mm~" grating, 3 cm™" spectral resolution, continuous wave laser
excitation at 532 nm, WITec).

A transmission electron microscopy (TEM) image of
nanorods was obtained using transmission electron microscopy
system FEG-TEM of type JEOL JEM-2100F UHR.
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