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ABSTRACT The interaction of several components in the strong coupling regime

yielding multiple Rabi splittings opens up remarkable possibilities for studies of
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multimode hybridization and energy transfer, which is of considerable interest in

both fundamental and applied science. Here we demonstrate that three different

oNOYTULT D WN =

components such as core-shell Au@Ag nanorods and J-aggregates of two

14 different dyes, can be integrated into a single hybrid structure, which leads to

strong collective exciton-plasmon coupling and double-mode Rabi splitting

21 totaling 338 meV. We demonstrate strong coupling in these multicomponent

plexitonic nanostructures by means of magnetic circular dichroism spectroscopy,

28 and demonstrate strong magneto-optical activity for the three hybridized states

resulting from this coupling. The J-aggregates of two different non-magnetic dyes

35 interact with metal nanoparticles effectively, achieving magnetic properties due

to the hybridization of electronic excitations in the three-component system.
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The interaction of organic and inorganic materials in a strong coupling regime
significantly changes the characteristics of the individual components, yielding a
hybrid system with new physical and chemical properties. It has been recently
demonstrated that strong coupling can affect the rate of chemical reactions 1,
pathways of energy- and electron- transfer 23, fluorescence 4-°, conductivity ©
and magnetic properties 7 of integrated materials.

The strong coupling regime is achieved when the rate of coherent energy
exchange between excitons and plasmons exceeds the dissipation rate in the
plexcitonic system 8. This leads to the formation of new hybrid plexciton states
(which causes spectral Rabbi splitting) with remarkable mixed properties in the

assembled materials, thereby providing new opportunities for various

ACS Paragon Plus Environment
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applications in the fields of information processing '!, sensing 7 and being at

the core of plasmonic switches based on the strong coupling effect 12.

Apart from “classical” double-component strongly coupled systems, another direction
with significant untapped potential in the field of light-matter interactions is the study of
strongly coupled multicomponent systems. The emergence of multiple Rabi splitting in
such systems is of considerable interest and relevance for both fundamental and applied
science, providing remarkable opportunities for studies of multimode hybridization and
energy transfer > 1316, Moreover, multimode strong coupling can open the way to
multipartite entanglement and the implementation of quantum computing devices using

multi-quasiparticle boson systems 718,

The development of strongly coupled multicomponent systems, namely two J-

aggregated cyanine dyes incorporated in a microcavity, have led to the discovery

of an efficient and ultrafast pathway for the energy-transfer between two exciton

states 2. Multiple spectral splittings for molecular vibrations coupled with a set of

infrared cavity modes have also been reported 5. Despite the fact that plasmon

nanostructures (/Ze. nanoresonators) are considered to be an alternative to

microcavities for achieving a strong coupling regime °, so far there are no

convincing reports on multiple Rabi splittings in coupled exciton-plasmon

systems. In the only work we have found on this topic, double Rabi splitting was
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observed in the extinction spectra of a complex system comprising gold

nanostars and J-aggregates of two dyes '6. However, the strong interaction of the

fluorophores with plasmonic nanostructures was not convincingly demonstrated.

Also we would like to note that recently double Rabi splitting was observed in dark- field
scattering spectra using a plasmonic nanostructure interacting with two types of excitons
(charged and neutral) in WS, with decreasing temperature 2°.

Here we unambiguously show that strong collective coupling can be reached in a system
made of Au@Ag nanorods (NRs) and J-aggregates of two different dyes, which form a
single nanosystem with unique multiple spectral features. We demonstrate magneto-
optical activity for three hybridized plexciton states resulting from strong exciton-
plasmon coupling in multilayer nanostructures, in which the plasmonic component
induces magnetic properties in non-magnetic organic fluorophores. Our findings are of
significance for the development of new sensing systems based on magneto-optical
activity, while significantly expanding the portfolio of materials that can be used for

information storage and processing.

The extinction spectra of J-aggregates of 5,5,6,6'-Tetrachloro-1,1",3,3'-

tetraethyl-imidacarbocyanine iodide (TCI) and 2-[3-[1,1-dimethyl-3-(4-sulfobutyl)-

1,3-dihydro-benzo[elindol-2-ylidene]-propenyl]-1,1-dimethyl-3-(4-sulfobutyl)-1H-

benzo[e]indolium hydroxide (DBI) dyes show narrow peaks (so called J-bands)

red-shifted with respect to the respective monomer peaks (Figure 1a). Formation

of J-bands and associated spectral shift upon aggregation of monomers is

ACS Paragon Plus Environment
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caused by the delocalization and migration of the exciton energy over a large
number of aggregated dye molecules 2'. The absorption maxima of J-bands are
observed at 587 nm and 637 nm, with a full-width at half-maximum of 24.4 and

20 nm for TCI and DBI dyes, respectively.
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Figure 1. (a) Experimental extinction spectra of an aqueous dispersion of core-

shell Au@Ag NRs of different aspect ratios (2.5 — 3.0) and absorption spectra of

J-aggregates of TCI and DBI fluorophores (inset: chemical structures of TCI and

DBI fluorophores). (b) TEM images of core-shell Au@Ag NRs with average

aspect ratios varying from 2.5 to 3; scale bars are 50 nm.
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The synthesized Au@Ag NRs have rather wide plasmon resonance bands

(200-300 eV) corresponding to the longitudinal modes, which are located in the

spectral region of J-bands of TCl and DBI dyes (Figure 1a). We would like to note,

that the width of plasmon peaks observed in our case in the spectra of ensembles of

nanorods is dominated by the inhomogeneous broadening due to the dispersion of the of
nanorods. As reported in previous studies, typical linewidths for single nanorods with the
aspect ratios close to that of our samples were found to be, for example, 23-83 22, 75 23

and 68 meV 24,

In contrast to our previous work 4, in the present experiments we control the

spectral position of the longitudinal surface plasmon resonance in the samples,

not by changing the NR length but by varying the thickness of the Ag shell deposited

on the Au NR core. Increasing the thickness of the Ag layer, which is known to
preferentially grow on the sides of the Au NRs 3, the aspect ratio (AR, the ratio of length-
to-width of NR) was varied from 3 to 2.5 (Figure 1a). Such an AR modification leads in

turn to a shift of the longitudinal LSPR, from 655 nm to 610 nm (Figure 1a). Thus, an

ideal overlap of the localized surface plasmon resonance (LSPR) band with the

spectral position of the J-bands of both dyes can be ensured, providing the best conditions

for a strong exciton-plasmon interaction in the developed nanostructures.

The double Rabi splitting in the extinction spectra of the hybrid structures was

achieved as a result of the sequential assembly of TCI J-aggregates on Au@Ag

ACS Paragon Plus Environment
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NRs, followed by deposition of DBI J-aggregates. The interaction of two oppositely

charged fluorophores stimulated the formation of a hybrid system comprising AU@AQ

NRs coated with two layers of different J-aggregate dyes. It is also important to note that
any attempt to create a separate hybrid system of bare Au@Ag NR and J-aggregates of
DBI fluorophore, possessing strong coupling properties, was not successful. This is likely

related to the efficient interaction of DBI dye with free (non-bound to NR surface)

surfactant (benzyldimethylhexadecylammonium chloride, BDAC), which seems to be

only weakly bound to the surface of the plasmon particle, thereby preventing efficient

plasmon-exciton coupling. Interaction of DBl dye with BDAC was assumed on the basis

that the positively charged polyelectrolytes, i.e. BDAC, hexadecyltrimethylammonium

bromide (CTAB), poly(diallyldimethylammonium) chloride (PDDA) or

polyethyleneimine (PEI), can trigger the formation of DBI dye aggregates.

In the extinction spectra of TCI/Au@Ag nanostructures, strong coupling effects

manifest themselves as a pronounced dip in the region of the J-band (590-595

nm) with two plexciton peaks, associated to so-called upper (URs) and lower

(LRs) resonances (indicated by arrows in Figure 2a). With an increase in the AR,

a shift of both resonances is observed: the UR approaches the spectral position

of the J-band, while the LR moves away from the absorption band of the excitons.
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Figure 2 shows that, for NRs with all considered AR, the LRs in the spectra of

hybrid NRs/TCI J-aggregates structures strongly overlap with the J-band of the

DBI dye.
Experlment Theory
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Figure 2. Experimental (a) and theoretical (b) extinction spectra of aqueous

dispersions of bare core-shell Au@Ag NRs (blue), the hybrid system of J-

aggregates of TCl and Au@Ag NRs (red) and the hybrid structure of J-

10
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aggregates of two fluorophores (TCl and DBI) and Au@Ag NRs, with different

aspect ratios. Experimental (c) and theoretical (d) absorption spectra of J-

aggregates of TCl (red) and DBI (green) dyes.

As noted above, due to the specific chemical structure and polarity of DBI, J-aggregates
of this dye do not form a bound complex with bare Au@Ag NRs, which would show
spectral properties related to strong coupling. However, it turned out that the presence of
an oppositely charged layer of TCI J-aggregates on the NRs surface triggers the formation
of a multilayer hybrid system made of DBI J-aggregates with a NRs/TCI structure (see
Methods for more information). We should emphasize that, as indicated in Methods, the
simultaneous presence of two separate systems, namely one made of NRs covered only
with J-aggregates of DBI, and another of NRs covered with only J-aggregates of TCI, is

not possible.

Remarkably, the spectra of this new hybrid complex show double Rabi splitting

for all NRs, regardless of their AR, with three plexciton peaks located at 560-567

nm, 614-626 nm and 660-688 nm, respectively, to which we further refer to as upper

resonance (URd), medium resonance (MRd) and lower resonance (LRd). In between

these plexciton peaks, two pronounced dips are also observed, with minima at 590-595

and 640-647 nm. These dips coincide with the spectral positions of the J-bands of

TCI and DBI, but in both cases redshifted by several nanometers relative to the

11
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extinction maxima of J-aggregates. We attribute this effect to a Lamb shift caused

by adsorption of J-aggregates on the NRs surface 4.

As shown in Figure 2b, the lineshapes in the spectra of both NRs/TCI and

NRs/TCI/DBI structures for NRs with different ARs are properly described by the

theoretical model (see details in the Supporting Information, Sl), which takes into

account the coating of gold NRs with two layers of J-aggregates of different dyes.

The dips observed in the spectra of the hybrid plasmon-exciton structure are

due to the formation of two distinct hybridized states (plexcitons), which leads to

Rabi splitting in optical spectra 4 7. To sum up the data on exciton-plasmon

coupling in the system of Au@Ag NRs with different aspect ratios and TBI and

DBI J-aggregates, we plotted the spectral position of the hybridized plexciton

states as a function of the position of the plasmon peak in the spectra of bare

NRs for the case of single (Figure 3a) and double Rabi splitting (Figure 3b).

Correlating the theoretical and experimental data obtained for the NRs/TCI hybrid

structure (Figure 3a), we revealed an anti-crossing effect as a result of the strong

coupling between the NRs plasmon and the exciton of J-aggregates, which leads

to a considerably large Rabi splitting 7O =~ 175 meV. The value of O was

12
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evaluated as the difference between the UR and LR energies at zero detuning

(intersection of dashed lines in Figure 3a) by fitting the theoretical model, adopted

from Ref.26 (solid lines in Fig.3a,b) and described in Sl, to the experimental data.

Figure 3c gives a simple schematic representation of the energy states in the

NRs/TCI hybrid structure with a single Rabi splitting, which demonstrates the

hybridization of electronic states due to the strong coupling of exciton states and

the plasmon LR of a metal nanostructure. Obviously, in the case of a system with

double Rabi splitting, the energy state diagram is somewhat more complicated.

Figure 3d illustrates the formation of hybridized plexciton states caused by the

strong coupling between Au@Ag NRs plasmon and excitons of TCl and DBI J-

aggregates, leading to a double Rabi splitting and the appearance of three

resonance peaks: URy, MRy and LRy associated with the corresponding plexitons

(green spectra in Fig.2).

13
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Figure 3. (a) Positions of LR (blue circles) and UR (red circles) in the

experimental extinction spectra of the hybrid structure of Au@Ag NRs and TCI J-

aggregates dye, as a function of the plasmon peak position in the spectra of bare

NRs. (b) Positions of LRd (blue squares), MRd (green squares) and URd (red

circles) in the experimental extinction spectra of the hybrid structure of Au@Ag

NRs and J-aggregates of TCl and DBI dyes with double Rabi splitting, as a

function of the plasmon peak position in the spectra of bare NRs. The blue, green

and red solid curves show the theoretically calculated spectral positions of LRy,

MRy and URy, respectively. The horizontal red and green dashed lines indicate

14
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the spectral position of the J-band of TCl and DBI, respectively. The diagonal

blue dashed lines mark the position of the plasmon resonance. (c) Schematic

representation of the strong coupling between the J-aggregates exciton (left) and

the NRs plasmon (right), yielding two hybrid plexciton states. (d) Schematic

representation of the strong coupling between the excitons of the J-aggregates

of TCl and DBI (left) and the plasmon of Au@Ag NRs (right), yielding three

hybridized plexciton states and double Rabi splitting.

For NRs/TCI structures with different ARs, LR peaks are located both to the

right and to the left of the DBI J-band, which allows us to reveal more clearly the

spectral behavior of plexcitons in the case of double Rabi splitting. For NRs with

a higher AR, namely 3, the J-band is located is to the right of the LR of the

NRs/TCI hybrid structure, and therefore the spectral position of the LRy (blue

dots) approaches the position of the plasmon peak of bare NRs (dotted blue line),

while the MRy (green dots) tends to the position of the DBI aggregate exciton

(dotted green line). However, for NRs with the smallest AR (2.5), the J-band is

located to the left of the LR of the NRs/TCI hybrid structure, and the spectral

behavior of the plexciton states is completely different. Now, the LR4 (blue dots)

15
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tends to the position of the DBI J-aggregate exciton (dotted green line), while the

MRd (green dots) cross the spectral position of the longitudinal LSPR (dotted blue

line) and approach the LR plexciton state of the NRs/TCI hybrid structure.

Figure 3b also shows the theoretical results (solid lines, see Sl for modeling

details) for Ag@Au NRs with two J-aggregates fitted to the experimental data

obtained for the hybrid plexiton states in the case of double Rabi splitting. Using

this model to interpolate/extrapolate the experimental data (Symbols in Figure 3b) to

zero detuning allows for estimating the Rabi splitting values to be AQr; = 175

and hQp, ~ 163 meV. These values of Rabi splitting for the Au@Ag/TCI/DBI

hybrid structures are comparable to the data reported for two different J-

aggregated molecular dyes incorporated in a microcavity 2. Moreover, in our

system, where all three components are involved in the strong interaction in a

concerted manner, the total value of 338 meV reflects the onset of collective

extended energy splitting between the states of the lower and upper plexitons

(Figure 3b,d).

Another striking result of this study is the detection of a strong magneto-optical

(MO) activity of the collectively interacting three-component exciton-plasmon

16

ACS Paragon Plus Environment

Page 16 of 38



Page 17 of 38 The Journal of Physical Chemistry Letters

system. It has been shown that the metal nanoparticles themselves possess MO activity

27, 1t was intriguing to check whether all three components of the system show the MO

oNOYTULT D WN =

9 response when interacting in the strong coupling regime. If so, this will be another proof

that all components of the system are strongly coupled to each other, working in unison.

14 To get a deeper insight in this issue, the MO properties of Au@Ag NRs,

integrated with the J-aggregates of two different dyes, were studied. In these

21 experiments, magnetic circular dichroism (MCD) spectra (the difference between

the absorbance of left- and right-hand polarized light, AA(A), under an applied

28 magnetic field) were recorded for all samples. The results are plotted in Figure 4.

17
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Figure 4. Experimental (a) and theoretical (b) spectra of (i) MCD of Au@Ag NRs with
different aspect ratios (blue line), (ii) hybrid structure consisting of Au@Ag NRs and TCI
J-aggregates (red line) and (iii) hybrid structures of Au@Ag/TCI/DBI (green line). The
MCD spectra were obtained by applying magnetic fields B= 1T (solid lines) and B=-1T

(dashed lines).

First, in our experiments a strong MO response was found for bare Au@Ag NRs

with different ARs and for the hybrid structures of Au@Ag/TCIl J-aggregates

(Figure 3, blue and red curves, respectively), which is consistent with previous

reports 7-28-30_ A change in the polarity of the magnetic field leads to a sign reversal

18
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for all MCD spectra. The magnetic properties of plasmonic nanoparticles can be

described by a simple model that considers the circular motion of free electrons

inside nanoparticles caused by the Lorentz force under the influence of an

external magnetic field, with a cyclotron frequency proportional to the magnetic

field 31-32, As a result of this effect, in the case of bare Au@Ag NRs, the application

of a magnetic field leads to different absorption for the left- and right-hand circular

polarized light, resulting in a rather strong MCD signal. The MO response of the

hybrid structures of Au@Ag/TCI J-aggregates arises from the strong plasmon-

exciton coupling, as described in detail in our previous work ”.

For the hybrid NRs/TCI/DBI structures, the MCD spectral features correlate well

with those in the absorption spectra of the system constituents and for each NRs

AR show three distinct peaks in the spectral regions of UR4 (around 550-565 nm),

MRy (around 610-622 nm) and LRy (664-688 nm). The reversal of the MCD sign

of all the peaks of the hybrid NRs/TCI/DBI structure in the MCD spectra observed

for the opposite polarity of the magnetic field (Figure 3, dashed lines) clearly

demonstrates the magnetic nature of these peaks. It is of paramount importance

that the J-aggregates of both TCl and DBI dyes themselves do not exhibit any

19
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pronounced magnetic properties in region of the J-band (SI Figure S1).

Nonvanishing MCD signal near the TCI and DBI excitons is the ultimate verification of
the strong coupling in the system and unambiguously indicates that the plexitons of two

different J-aggregates acquire magnetooptical activity due to coupling to the plasmonic

nanostructure. The MCD spectra, normalized at the extinction maximum A, for

NRs with AR 3, are presented in Figure S2 and show that MO (AA/An.x) for three

plexciton states of the hybrid NRs/TCI/DBI structure have similar values and are

comparable in magnitude to MO of bare NRs. This comparable strength of MO

actively confirms our conclusion of the strong coupling regime of interaction.

In summary, we have shown that all components of a hybrid NR/J-aggregate

system are involved in strong interactions in a concerted manner, so that strong

coupling between a plasmon and two excitons of J-aggregates of different dyes

in multi-layer nanostructures, can lead to double Rabi splitting, significantly

expanding the region of energy splitting between the states of plexcitons. All

presented experimental results, supported by theoretical modeling, convincingly

demonstrate a remarkably strong interaction of J-aggregates of two dyes and the

plasmon system in the developed structures.

20
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Exciton-plasmon strong coupling in a complex system consisting of two layers

of J-aggregates of different dyes on Au@Ag NRs surface, is confirmed not only

by theoretical modeling, but also by the results of MO activity in the same hybrid

structures, which is the ultimate verification of the strong coupling in the system

for each type of excitons. The manifestation of pronounced magnetic properties

for the three plexciton states indicates that the plexitons of J-aggregates of two

non-magnetic dyes effectively acquire “magnetic” properties from the plasmonic

nanostructure, as a result of interactions in the strong coupling regime. Since in

such a system, all hybrid plexciton states exhibit magneto-optical activity, MO can

be used to study the fundamental properties of hybrid organic/inorganic systems

in the strong coupling regime, which may also have great implications for

biosensing, which is intrinsically insensitive to the organic background and thus offers

a significant advantage over conventional spectroscopy methods. The development of

a multi-component system with extended Rabi splitting represents a new

paradigm for various applications even beyond sensing and opens up ample

opportunities for research of multimode hybridization and fast and effective energy

transfer between two excitons strongly coupled to plasmonic nanostructures.
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METHODS

Cyanine dye 5,5,6,6'-Tetrachloro-1,1',3,3'-tetraethyl-imidacarbocyanine iodide,

tetrachloroauric acid (HAuCl,), sodium borohydride (NaBH,), CTAB, BDAC, silver

nitrate (AgNQO3), hydrochloric acid (HCI) and ascorbic acid (AA) were purchased

from Sigma-Aldrich. Fluorophore 2-[3-[1,1-dimethyl-3-(4-sulfobutyl)-1,3-dihydro-

benzo[elindol-2-ylidene]-propenyl]-1,1-dimethyl-3-(4-sulfobutyl)-1H-

benzo[e]indolium hydroxide, inner salt, sodium salt S 2165 was obtained from

FEW Chemicals.

Gold NRs were prepared using Ag-assisted seeded growth 33, Seeds were

prepared by the reduction of HAuCl, (5 mL, 0.25 mM) with NaBH,4 (0.3 mL, 10

mM) in aqueous CTAB solution (100 mM). An aliquot of seed solution (0.12 mL)

was added to a growth solution containing CTAB (50 mL, 100 mM), HAuCl,4 (0.5

mL, 50 mM), ascorbic acid (0.4 mL, 100 mM), AgNO5 (0.6 mL, 10 mM) and HCI

(0.95 mL, 1000 mM). The mixture was left undisturbed at 30 °C for 2 h. The

solution was centrifuged twice (8000 rpm, 30 min) and redispersed in BDAC (10

mM) to obtain a final concentration of gold equal to 0.25 mM. The maximum of

LSPR band of initially obtained gold NRs was 860 nm.
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Core-shell Au@Ag NRs were synthesized using

benzyldimethylhexadecylammonium chloride (BDAC) as the capping agent 25.

The typical reaction involved the addition of different amounts of AQNO3; (10 mM)

and ascorbic acid (100 mM) to the solution of gold NRs (10 mL, 0.25 mM) at 60

°C. Larger amounts of silver caused more pronounced LSPR blue shifts. Addition

of 1.0 mL, 0.9 mL, or 0.8 mL of AgNO3 (10 mM), while maintaining the molar ratio

of Ascorbic Acid to Ag* equal to 4, enabled us to reach LSPR maxima at 609 nm,

618 nm, or 655 nm, respectively. The solutions were left for 3 hours at 60 °C

under magnetic stirring. Finally, the solutions were centrifuged twice (6000-9000

rpm, 40 min) and redispersed in BDAC (2 mL, 15 mM).

J-aggregates of the TCI dye were formed spontaneously upon dissolution of

this dye in aqueous NaOH or NHj3 solution (pH=8) 1634, while the formation of J-

aggregates of DBI dye required addition of a positively charged polyelectrolyte,

such as PEI, PDDA, or BDAC.

Hybrid structures of Au@Ag NRs and J-aggregates of TCI dye were obtained

by addition of 10 yL of a concentrated ethanol solution of dye to 1 mL of an

aqueous solution of NRs in the presence of ammonia (pH=8), followed by gentle
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stirring for 20 minutes. To separate J-aggregates bound to NRs from monomer

dye molecules and free J-aggregates, the solution was centrifuged at 3500 rpm

for 5 minutes and redispersed in water. Despite the fact that the concentration of

the stabilizing agent BDAC is significantly reduced after centrifugation, the layer

of TCl J-aggregates on the surface of Au@Ag NRs protects them from

aggregation, thus providing a stable colloidal dispersion.

To form the hybrid system of Au@Ag NRs and J-aggregates of two different

fluorophores, we used the electrostatic interaction between cationic groups of TCI and

anionic groups of DBI dyes. In this procedure 3 uL of a concentrated aqueous solution of

DBI dye was added to the previously prepared solution of hybrid structures of AU@AQ

NRs and TCI J-aggregates followed by gently stirring the solution for 5-10 minutes. In

turn, the presence of hybrid structures of AU@AQ/TCI J-aggregates in solution triggers

the formation of J-aggregates of DBI dye.

Optical extinction spectra were measured using a Cary 50 spectrometer

(Agilent Technologies). Transmission electron microscopy (TEM) images of NRs

were obtained using a transmission electron microscope FEG-TEM, JEOL JEM-

2100F UHR. For MCD experiments, a Jasco J-815 spectropolarimeter equipped
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with a water cooled GMW 3470 electromagnet (providing a static magnetic field
of upto 1 T) was used.

The total value of magnetic circular dichroism was calculated as A4, = 9/(“1#),

where 6 is the measured ellipticity, A4, is the sum of CD due to molecular
symmetry and MCD induced by the magnetic field. In this case, the CD was
measured as the signal at zero magnetic field (B), which was then subtracted
from AA,, yielding the MCD (AA) - the difference in absorbance between the right
and the left hand polarized light induced by an external magnetic field 3°. AA
depends on the absorbent concentration and can be expressed as: AA = Agycl 36,
where [ is the optical path length through the sample, c is the molar concentration,
and Agy is the differential molar extinction. To correctly compare the MCD
response in samples of different concentrations, the MCD signals were
normalized at the absorption maximumaA,,.,, according toAA(A)/(Amax B) X Agy,
where Ap.x is the absorption maximum for the particular sample. Such a
normalization essentially yields the intrinsic MCD parameterAgy,. In this work, we

consider the extinction spectra measured by our spectrometer as absorption
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spectra due to the weak light scattering by the used samples. All experiments

were performed in ambient atmosphere at room temperature.

Theoretical calculations were performed using the tensorial model developed

in Ref. 26. According to it, the nanorods were represented as several concentric

spheroidal shells with the dielectric properties corresponding to Ag, Au and J-

aggregated dyes and the experimental aspect ratios. Self-consistent solution of

Maxwell’'s equations in each shell returns the effective dielectric tensor for the

solution of particles dispersed in the host medium from which the absorption and

the MCD signals can be calculated (see full details in the Supporting Information).

ASSOCIATED CONTENT
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Calculation of the absorption and MCD spectra for a nanorods solution coupled

with J-aggregates. Absorption and MCD spectra pure TCIl J-aggregates pure DBI
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Figure 1. (a) Experimental extinction spectra of an aqueous dispersion of core-shell Au@Ag NRs of different
37 aspect ratios (2.5 - 3.0) and absorption spectra of J-aggregates of TCI and DBI fluorophores (inset:

38 chemical structures of TCI and DBI fluorophores). (b) TEM images of core-shell Au@Ag NRs with average
39 aspect ratios varying from 2.5 to 3; scale bars are 50 nm.
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Figure 2. Experimental (a) and theoretical (b) extinction spectra of aqueous dispersions of bare core-shell
Au@Ag NRs (blue), the hybrid system of J-aggregates of TCI and Au@Ag NRs (red) and the hybrid structure
of J-aggregates of two fluorophores (TCI and DBI) and Au@Ag NRs, with different aspect ratios.
Experimental (c) and theoretical (d) absorption spectra of J-aggregates of TCI (red) and DBI (green) dyes.
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Figure 3. (a) Positions of LR (blue circles) and UR (red circles) in the experimental extinction spectra of the
hybrid structure of Au@Ag NRs and TCI J-aggregates dye, as a function of the plasmon peak position in the
spectra of bare NRs. (b) Positions of LRd (blue squares), MRd (green squares) and URd (red circles) in the
experimental extinction spectra of the hybrid structure of Au@Ag NRs and J-aggregates of TCI and DBI dyes
with double Rabi splitting, as a function of the plasmon peak position in the spectra of bare NRs. The blue,
green and red solid curves show the theoretically calculated spectral positions of LRd, MRd and URd,
respectively. The horizontal red and green dashed lines indicate the spectral position of the J-band of TCI
and DBI, respectively. The diagonal blue dashed lines mark the position of the plasmon resonance. (c)
Schematic representation of the strong coupling between the J-aggregates exciton (left) and the NRs
plasmon (right), yielding two hybrid plexciton states. (d) Schematic representation of the strong coupling
between the excitons of the J-aggregates of TCI and DBI (left) and the plasmon of Au@Ag NRs (right),
yielding three hybridized plexciton states and double Rabi splitting.
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Figure 4. Experimental (a) and theoretical (b) spectra of (i) MCD of Au@Ag NRs with different aspect ratios
(blue line), (ii) hybrid structure consisting of Au@Ag NRs and TCI J-aggregates (red line) and (iii) hybrid
structures of Au@Ag/TCI/DBI (green line). The MCD spectra were obtained by applying magnetic fields B=
1T (solid lines) and B= -1T (dashed lines).
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