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METHODS.

Chemicals. Cyanine dyes 5,5',6,6'-Tetrachloro-1,1',3,3'-tetraethyl-imidacarbocyanine iodide
JCu, tetrachloroauric acid (HAuCly), sodium borohydride (NaBHy,),
hexadecyltrimethylammonium bromide (CTAB), benzyldimethylhexadecylammonium chloride
(BDAC), silver nitrate (AgNQOs3), hydrochloric acid (HCI), ascorbic acid (AA) were purchased
from Sigma-Aldrich. Cyanine dye 5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-
benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide, inner
salt, sodium salt S0046 (S-46) were obtained from FEW Chemicals.

Synthesis of gold nanorods. Gold nanorods were prepared using Ag-assisted seeded growth.'
Seeds were prepared by the reduction of HAuCly (5 mL, 0.25 mM) with NaBH4 (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), HAuCly (0.5 mL, 50 mM), ascorbic acid
(0.4 mL, 100 mM), AgNOs (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 of initial gold nanorods was 860 nm.

Synthesis of Au@Ag core-shell nanorods. Core-shell Au@Ag nanorods were synthesized
using benzyldimethylhexadecylammonium chloride (BDAC) as the capping.” The typical
reaction involved the addition of different amount of AgNO; (10 mM) and ascorbic acid (100
mM) to the solution of gold nanorods (10 mL, 0.25 mM) at 60 °C. Larger amount of silver
caused more pronounced blue shift of the LSPR. To reach the maximum of LSPR at 609, 636,
668, 695, 712, 794, 826 nm was added 1.0, 0.9, 0.8, 0.6, 0.4, 0.25, 0.13 mL of AgNO; (10 mM)
while maintaining the molar ratio of Ascorbic Acid to Ag" equal to 4. 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).

Preparation of J-aggregates. J-aggregates of the JC1 dye form spontaneously upon
dissolution of this dye in water at pH8,>* while the formation of J-aggregates of another cyanine
S-46 dye required the addition of polyelectrolyte: poly(diallyldimethylammonium chloride
(PDDA) or polyethyleneimine (PEI).

Preparation of hybrid core-shell Au@Ag nanorods and J-aggregates system. The

production of the hybrid Au@Ag nanorods and J-aggregates system relies upon the electrostatic



interactions between the anionic groups of the J-aggregates and the cationic sites of stabilizing
agent BDAC at the surface of bare Au@Ag nanorods. Hybrid structures of core-shell Au@Ag
nanorods and J-aggregates were produced by addition of 10 pl of concentrated ethanol solution
of JC1 dye to 1 ml of an aqueous solution of core-shell Au@Ag nanorods in the presence of
ammonia (pH=8), followed by gentle stirring for 15 minutes. In order to separate J-aggregates,
which bound to nanorods, from monomer dye molecules and free J-aggregates the solution was
centrifuged at 4000 rpm for 5 minutes and re-dispersed in water.* >

Instrumentation. The optical extinction spectra were measured using a Cary 50 spectrometer
(Agilent Technologies).

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

For the magnetic circular dichroism (MCD) measurements we used Jasco J-815
spectropolarimeter equipped with a water cooled GMW 3470 electromagnet providing a static

magnetic field of up to 1 T. The total magnetic circular dichroism was calculated as AA, =
6/ (?), where 0 is the measured ellipticity. AA, is the sum of natural CD due to molecular

symmetry and the MCD induced by the magnetic field. The natural CD was measured as the
signal at zero magnetic field, B, and then subtracted from A4, yielding the MCD (AA) — the
difference in absorbance between the right and the left hand polarized light induced by an
external magnetic field.® AA depends of the absorbent concentration and can be written as:
AA = AgyclB,” where [ is the path length through the sample, ¢ is the molar concentration and
Agy is the differential molar extinction. For proper comparison of MCD between samples of
different concentration we normalize the MCD on the absorption maximum A, according to
AA(A)/(Amax B) X Agy, where Ay 1s the absorption maximum for the particular sample.
Such normalization essentially yields the intrinsic MCD parameter Agy,. Another representation
is the normalization of MCD on the absorption spectra A(4) according to AA(1)/(A(A)B) =
Agy (L) /e(A), where €(4) is molar extinction coefficient spectra. Such normalization shows the
relative enhancement of MO activity with respect to the pure light extinction.

In this work we regard the extinction spectra measured by our spectrometer as absorption

spectra due to weak scattering in our samples.



All absorption and MCD spectra were measured in aqueous solutions (using doubly purified
deionized water from an 18 MU Millipore system) and identical 2mm long quartz cuvette. All
experiments were performed in an ambient atmosphere at room temperature.

Calculations of the absorption and MCD for a nanorods solution. The dielectric response
of a nanorod solution could be described by the effective tensor of dielectric permittivity €q¢. To
determine its components we model the rods as prolate spheroidal particles composed of three
concentric shells with major semiaxes a,, and minor semiaxes b,, = va,,, where v is the aspect
ratio (same for all shells). The polarization P of such a particle is the sum of the polarizations in

each shell

P= Z?n:l tmﬁm = Z?n:l tm(Em — gh)ﬁm (1)

where ﬁm is the homogeneous electric field in the m-th shell, t,, is the shell’s volume fraction
with respect to the total particle volume, &, is its tensor of dielectric permittivity of the shell
material and €, is that of host medium which surrounds the particle. The total electric flux
density can then be written as

D = &E + [P = EeE (2)

where E = (1 — f )ﬁo + ¥, tmﬁm is the average electric field existing in the solution with
volume concentration of particles, f and &, = €,1 is the permittivity of host medium (1 is the
identity matrix). By iteratively relating electric fields in subsequent shells to their neighbors
through boundary conditions, one can express ﬁm through the field in the host ﬁm = §mﬁ'0, where
S,, is a the matrix given in ref.* Thus if the tensorial permittivities for all particle shells are
known, one can solve Eq. (2) and find €.
With a uniform external magnetic field B directed, for example, along z-axis, the permittivity
tensors of metallic shells can be written in the form:
e A0
€3 = (—iA € 0) (3)
0 0 €
Where € = e(w) is the bulk dielectric function of the considered metal and A < B is the

anisotropic response due to magnetic field. In the following we employ Drude model to describe

the permittivities of Au and Ag, i.e.
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where w, is the metal plasma frequency, y is the electron collision rate and €, is the high-
frequency component of the permittivity. For silver we use w, = 9.1 ¢V and €, = 5.3, which
accounts for the interzone transitions.’ For gold we use wy, =8.67 €V and model the contribution
from the intraband transition according to the model of Ref.'’ The collision rates were fitted to
the widths of the experimental absorption peaks of pure Au/Ag solutions, which in our
experiment is dominated by the inhomogeneous broadening due to natural nanorod size
dispersion. The corresponding values are y = 0.27 eV and 0.3 eV for Ag and Au, respectively.

The off-diagonal component A can be further written as® '

Aw) = —282% (1 - L2’ )

WYeo? Yoo

where w, = Be/m, is the cyclotron frequency (e and m, are the electron charge and mass).
The intrinsic magnetootical response of the J-aggregates is assumed to be negligible yielding

purely diagonal form of permittivity tensor €; = e]i with €; described by a simple Lorentzian:

g
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with parameters €, = €, f; = 0.06, and y= 0.036, w(=2.13 eV similar to those used in Ref.'>
It can be verified that the effective permittivity tensor retains the same form as its constituents

€, and &,, i.e.

€, 14, 0
Eer=|—14e € O
0 0 g

with (in general) non-identical diagonal components. The response of the solution with random
particle orientation can be calculated as an average of €. for B||x, B||y and B||z, yielding the
effective permittivity tensor in the form: (E.g) = €opr 1 + Aoge 6, where 1 is the identity matrix

and

0 i 0
0= <—i 0 0)
0 0 O

The optical absorption experienced by a plane wave can then be calculated by



A =3(Jem)

The corresponding MCD signal is''

1
AA = ES(\/Eeff + Aegr — +/ et — Aetr)

In our calculations, we fixed the short and the long semiaxes of the Au core for all samples at 6
nm and 30 nm, respectively. These values were obtained from the TEM images presented in Fig.
Ic of the main text, which show a darker contrast for the nanorod cores. The aspect ratios of the
Ag shell for each sample were fitted to reproduce the experimental extinction spectra of bare
NRs systems. J-aggregates were assumed to form a uniform shell of thickness d = 3 nm. The

host was assumed to be water with the dielectric permittivity of e=1.33".
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Figure S1: Experimental extinction (top) and magnetic circular dichroism spectra (down) of (a)
the hybrid core-shell Au@Ag nanorods and J-aggregates cyanine dye JC1 system (blue line) and
pure JC1 J-aggregates (red line); and (b) hybrid core-shell Au@Ag nanorods and J-aggregates
cyanine dye S-46 system (blue line) and pure S-46 J-aggregates (purple line). MCD spectra were
obtained under the magnetic fields B= 1T (solid lines) and B= -1T (dashed lines). Note that we
registered the negligible MCD for J-aggregates of both JC1 and S-46 dyes. Small MCD signal
for the JC1 monomer is irrelevant for this study due to its absence in the samples after

purification as described in text.
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Figure S2. Dependence of the MCD on the value of the magnetic field at UR (red circles) and
LR (blue squares) of hybrid core-shell Au@Ag and J-aggregates system with nanorod aspect
ratio of 2.5 (resonance conditions). The MCD signal was normalized to the maxima of the UR

and LR extinction peaks, respectively.
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Figure S3. Experimental MCD spectra for bare core-shell Au@Ag nanorods (dotted lines) and
for hybrid core-shell Au@Ag and J-aggregates system (solid lines) normalized to the
corresponding absorption spectra and the magnetic field. The vertical black lines indicate the

spectral positions of the UR and LR.
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Figure S4: Chemical structures: (a) JC1 dye (5,5,6,6'-Tetrachloro-1,1',3,3'-tetraethyl-
imidacarbocyanine iodide, 5,5',6,6'-Tetrachloro-1,1',3,3'-tetraethylbenzimidazolocarbocyanine
iodide) (b) S-46 dye (5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-
ylidene]-propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide, inner salt, sodium salt)

10



Theory
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Figure S5. The theoretical extinction spectra (a) and MCD spectra (b) of the hybrid system of J-
aggregates and core-shell Au@Ag nanorods for different aspect ratios, assuming five times
smaller value of the dye oscillator strength (f;=0.012) compared to the value that fits our
experimental data. The corresponding coupling constant g/x = 0.27 is only slightly above the
strong coupling threshold, yet the MO activity of the upper plexciton is clearly seen (for small
detunings). All spectra are normalized the same way as in Figure 3 of the main article. The solid

and dashed lines correspond to B= +1T, respectively.
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