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ABSTRACT: Plexcitonic nanohybrids are plasmonic−excitonic
novel materials whose peculiar properties are attracting considerable
attention in photonics, solar cells, and sensing. These materials can
be synthesized and characterized easily by assembling organic or
inorganic dyes on plasmonic nanoparticles as support. However, the
main factors controlling the assembly process and the occurrence of
the plexcitonic coupling are still unclear. To fill this gap, in this work,
we studied the plexciton coupling of 12 different dyes with a series of
gold nanourchins with various coatings and sizes. Among 24
combinations tested, we observed the formation of plexcitonic
hybrids only in five cases. Most of them had cyanine J-aggregates as
excitonic counterparts. Stronger plexcitonic couplings were obtained
when nanourchins were coated with an exchangeable citrate capping
layer rather than a strong ionic thiols capping layer. We propose that the presence of a strongly bound capping layer, as in this latter
case, reduces the effective volume available to the dyes.

■ INTRODUCTION
Plexcitonic nanohybrids, i.e., nanosystems characterized by
plasmon−exciton couplings, have gained increasing attention
over the last two decades for the fundamental interest they
hold and for their potential applications. These nanomaterials
are obtained by combining plasmonic substrates, such as
nanostructured surfaces or nanoparticles, with excitonic
systems like organic dyes, quantum dots, carbon nanotubes,
or 2-dimensional transition-metal dichalcogenides, such as
MoS2 or WS2.

1−3 The peculiar optical properties of these
materials might find application in photovoltaics,4 sensing,5,6

digital data storage,7 and in the broad field of photonics as a
manner to control light−matter interactions at the nano-
scale.1,3,8 However, plexciton behavior has to be wholly
understood and characterized. As an example, the nature of
excitations and the mechanisms of energy dissipation in these
materials9 and phenomena as ultrafast coherences (Rabi
oscillations),10 Bose−Einstein condensation,11 and “induced
transparency” (or Fano dip)12,13 are the object of several
ongoing investigations.
Among the plasmonic systems, colloidal nanoparticles

(NPs) are cheap and easy to prepare, being obtained through
wet chemical syntheses. Thus, NP-supported plexcitonic
nanohybrids inherit these advantages. On the other hand, the
conjugation with the excitonic part is, at least conceptually,
much simpler for plasmonic surfaces than for suspended NPs.
In the first case, it is sufficient to deposit a film of the excitonic
materials onto the plasmonic surface to obtain the necessary
spatial proximity among the parts. Instead, the simple mixing

of NPs and the excitonic counterpart in solution does not
ensure the formation of the wanted assembly. An attractive
interaction between the two moieties is needed in this case. In
most instances, NPs are coated with stabilizing species (ions,
molecules, or polymers) to prevent their coalescence. This
coating, also called the capping layer, clearly plays a crucial role
in controlling the interaction between the NPs and the
excitonic part. It influences the self-assembly process by
determining the intermolecular forces at play, it affects the
distances between NPs and dyes, and it can template different
aggregation states of the bound excitonic moieties.14

Many works in the literature have investigated the main
physicochemical parameters that regulate the plexcitonic
coupling strength (see, for example, refs 9 and 15−21), but
the role of the capping layer has never been examined in depth.
Among the attractive interactions between the plasmonic and
excitonic moieties enabled by the capping layer, electrostatic
interactions appear to be the most commonly exploited in
nanohybrid preparation.14,15,22 As an example, Mohankumar et
al. demonstrated that repulsion between like charges prevented
the assembly of gold nanorods and a cyanine dye and,
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consequently, the plexciton formation.23 In other cases,

however, the capping layer does not provide specific

interactions but acts as a weak stabilizer that can be exchanged

(at least partially) by the dye molecules,24−27 as in the case of

borohydride24,25 or citrate.26,27 This might result in direct

metal−dye interactions.

With the aim of exploring in more detail the parameters
which influence the formation of nanoparticle-based plexci-
tonic states in solution and to shed light on the effect of the
capping layer, we prepared a library of nanohybrids by
coupling gold nanourchins (NUs)28 covered with different
capping layers and several dyes featuring suitable photo-
chemical properties. Our findings suggest that when the

Figure 1. (a) Dyes considered in this study. For each dye, the main maximum absorption wavelength is reported in green. (b) Schematization of
the different capping layers and their exchange process. CIT-NUs were exploited to study the role of direct dye−metal interactions, while SOt-NUS
(TMAOt-NU) were employed to assess the role of noncovalent interactions between the capping layer and positively (negatively) charged dyes.
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capping layer allows for direct metal−dye interactions higher
coupling values can be achieved than when noncovalent and
electrostatic interactions are exploited. Moreover, we also
found that the aggregation conditions of the dye molecules
play an important role in the formation of plexcitonic hybrids.

■ EXPERIMENTAL METHODS
Syntheses and Capping Layer Exchange of NUs. Gold

nanourchins (NUs), similar to nanostars but with shorter tips,
were prepared following a modified two-step protocol.28

Briefly, gold seeds were synthesized using a modified
Turkevich method and injected in a growth solution of
HAuCl4, hydroquinone, and sodium citrate. The use of
hydroquinone as a reducing agent favors the anisotropic
growth of the nanoparticles, resulting in the formation of the
NUs. This synthetic protocol yielded NUs capped with citrate
(CIT-NUs). CIT-NUs were used in this pristine form to be
directly functionalized with the dyes or submitted to a
subsequent ligand exchange. In this case, the CIT layer was
replaced by strongly bound thiol derivatives: 8-trimethylam-
monium octylthiol (TMAOt), positively charged, or 8-sulfate
octylthiol (SOt), negatively charged. Further information on
the synthesis of NUs and of the TMAOt and SOt molecules is
reported in the Supporting Information.
NUs functionalized with SOt (SOt-NUs) were prepared as

follows. NU batches were centrifuged for 8 min at 5000 rpm,
and the supernatant was removed to eliminate most of the
citrate and hydroquinone molecules free in solution. NUs were
successively redispersed in 1 mL of ultrapure water and
sonicated for 10 min. SOt molecules were added in a 100:1
SOt/NU ratio (we considered NUs as spheres of 100 nm
diameter with a thiol footprint of 0.15 nm−2). They were
incubated for 90 min and successively purified twice from the
impurities. Each purification step consisted of centrifugation (3
min, 10000 rpm), removal of the supernatant, and redispersion
in 1 mL of ultrapure water. NUs capped with TMAOt
(TMAOt-NUs) were prepared with a similar procedure.
Pristine NUs batches were centrifuged (10 min, 5000 rpm)

and redispersed in 1 mL of 5 mM solution of NaNO3 to
prevent tips etching due to the joint action of trimethylammo-
nium residues and bromide anions.29 TMAOt molecules were
added in a 800000:1 TMAOt/NU ratio. They were incubated
overnight and successively purified from the impurities three
times with the same protocol of SOt-NUs.

Preparation of the Nanohybrids. Typically, 100 μL of a
1 mM solution of dye were added to 500 μL of a solution of
NUs whose concentration was set to have a plasmon peak
extinction equal to 1, corresponding to a concentration of
about 1.5 μg/mL. Only in the case of PIC, 1 μL of
supersaturated solution of PIC in EtOH was added to 500
μL of NUs solution. The mixture was incubated overnight and
then purified to remove the excess of dye. The purification
protocol consisted of centrifugation (5 min, 7500 rpm),
removal of the supernatant and redispersion in ultrapure water
(0.4 mL).

Characterization. TEM analysis (100 measurements per
NUs sample) was performed with a JEOL 300 PX electron
microscope, and the collected images were analyzed with
ImageJ software. A 10.0 μL portion of sample solution was
dropcast onto a lacey carbon TEM grid and allowed to air-dry
before TEM measurements. Extinction spectra were recorded
with a Cary 5000 spectrophotometer, while a Zetasizer Nano
ZS was used for Z potential measurements.

■ RESULTS
Design of the Nanohybrid Library. To build the library

considered in this work, we started by identifying a wide
enough number of organic dyes to be used as excitonic
moieties. We selected 12 dyes (1−12, Figure 1a) belonging to
the classes of triarylmethanes, rhodamines, cyanines, benzo-
thiazoliums, and naphthoxaziniums. The following criteria
drove the selection of the dyes. First, they all have strong
absorptions in the 550−650 nm region of the visible spectrum,
and therefore, they fulfill the resonance conditions necessary to
establish an effective coupling with the majority of plasmonic
colloidal nanoparticles.1,30−33 Second, they all have a net

Figure 2. Characterization and functionalization of NUs. Each NU sample is labeled with an acronym where the first part denotes the capping layer
(CIT, SOt, or TMAOt) and the second one the plasmon wavelength. (a−f) TEM images of CIT593, CIT601, CIT606, CIT610, CIT633, and
CIT656, respectively (scale bar: 200 nm). (g) NU diameter as a function of the injected volume of seed solution (the seed solution has a
concentration of 0.046 mg/mL). The diameters reported on the y axis are estimated as the central values of the NU size distribution fitted with a
Gaussian function. The error bars correspond to the full-width half-maximum of the size distribution. (h) Normalized extinction spectra of CIT-
NUs. (i) Wavelength of the maximum plasmonic resonance as a function of the injected volume of seeds solution.
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charge, which can provide an essential contribution to the
interaction with the plasmonic nanoparticles. Both negatively
and positively charged molecules were included. About half of
the molecules selected are known to form H- or J-aggregates
(Table S1). Indeed, the high transition dipole moments and
the narrow bandwidths typical of the J-aggregate absorption
bands make them particularly suited for the formation of
plexcitons,17 as proven by the vast wealth of examples available
in the literature (see, for instance, refs 14, 15, 24, 26, and
34−36). Instead, the formation of plexcitons with molecular
excitations coming from organic molecules in the monomeric
form is seldom observed with nanoparticles dispersed in

solution.14,23,37−40 On the contrary, to the best of our
knowledge, there is no report of formation of plexcitons with
colloidal NPs dispersed in solution and H-aggregates. There-
fore, the dyes have also been selected in view of exploring the
conditions for the possible plexciton formation with non-
aggregated molecules, J-aggregates, and H-aggregates.
As plasmonic materials, gold NUs, i.e., short-tipped gold

nanostars, were chosen for two main reasons. First, as for
nanostars, the tip plasmon is easily tunable from 550 nm to the
infrared region by controlling the synthetic conditions, and this
guarantees an adequate overlap with the dyes’ absorption.28

Second, the NU structure features strong electric fields at the

Figure 3. Normalized extinction spectra of dyes, NUs, and nanohybrid solutions (pink, orange, and dark blue lines, respectively) obtained using
(a−c) S9, (d−f) Cy75, (g−i) TDBC, and (j−l) PIC as the organic dye. The first column (a, d, g, and j) refers to nanohybrids prepared with thiol-
capped NUs exploiting noncovalent interactions; the second column (b, e, h, and k) relates to nanohybrids prepared with CIT-NUs controlling
metal−dye interactions. The third column (c, f, j, and l) reports the typical concentration trend of ΩR, which increases as the dye concentration is
raised.
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tips, which should positively contribute to the establishment of
strong couplings.41

We analyzed NUs coated with three different capping layers
in order to have insights about different dye−NU interactions.
First, NUs stabilized with the weak capping agent citrate (CIT-
NUs)24−27 were studied, with the aim of understanding to
what extent the possibility of a (partial) exchange of CIT with
dye molecules could lead to direct metal−dye interaction. We
also considered NUs covered with the cationic 8-trimethy-
lammonium octylthiol (TMAOt-NUs) and the anionic 8-
sulfate octylthiol (SOt-NUs) (Figure 1b). In both cases,
different from CIT-NUs, the capping molecules are strongly
attached to the metal surface and the dye molecules can thus
interact with the NUs only through electrostatic interactions
with the sulfate or ammonium groups or through hydrophobic
interaction with the alkyl portion of the coating layer.
Preparation of the NUs and the Nanohybrids. NUs

with different sizes were prepared according to a previously
reported protocol as described in the Experimental Methods.28

In this protocol, the size and plasmonic properties of the NUs
are determined by the amount (volume) of seed solution
injected into the growth solution. Transmission electron
microscopy (TEM) micrographs of six samples and their size
analysis are reported in Figure 2a−f and Figure S1a−f,
respectively. As expected, the size of NUs decreases by
increasing the number of seeds (Figure 2g). The extinction
spectra of the NUs (Figure 2h) are characterized by two
plasmon resonances: a first weak signal at about 520 nm is due
to the plasmon of the core and a second more intense band
above 550 nm is instead attributed to the plasmon of the tips.41

The maximum of this second band is sensitive to the size of the
NUs, and therefore, it depends on the volume of seed solution
injected during the synthesis: a blue shift is recorded for
increasing volumes of seed solution (Figure 2i and Figure S2).
Pristine NUs prepared with this protocol are capped with

citrate (CIT-NUs). We then prepared TMAOt-NUs and SOt-
NUs using capping-exchange procedures (see the Experimental
Methods). The effective surface charge of the NUs covered
with the three different capping layers was verified through Z-
potential measurements (see Figure S3).
Eventually, we prepared the nanohybrid library by mixing

each of the 12 dyes with (i) CIT-NUs and (ii) with the NUs
capped with the thiol of opposite charge. Twenty-four
combinations were thus obtained. Spectroscopic analysis
after 1 day of incubation revealed the increase significant
plexcitonic coupling only in five cases. The plexciton formation
can be monitored looking at the appearance of a transparency
dip in the plasmon resonance along with the maximum
absorbance of the excitonic moiety.30 The coupling strength
can then be quantitatively evaluated from the Rabi splitting
energy ΩR, estimated from the energy distance between the
two plexciton resonances formed in the excitation spectra of
the nanohybrids.1,2,30

Here, we describe the properties of these five successful
examples of plexciton formation, classified in terms of the
aggregation state of the dye and the nature of the interactions
between dye and NUs (noncovalent interaction or direct
metal−dye interaction).
Plexcitonic Nanohybrids with Nonaggregated Mole-

cules: Styryl 9M. Dyes 1−7, including styryl 9 M (S9, 7),
triarylmethanes, and rhodamines, do not form aggregates when
dissolved in water. Among them, we observed plexcitonic
resonances only in nanohybrids prepared with cationic S9 and

SOt-NUs (Figure 3a). To the best of our knowledge, this is the
first time that a plexciton with S9 is reported. S9 is a
solvatochromic dye: its maximum absorption peak undergoes a
red-shift when the polarity of the solvent is decreased.42 As an
example, the absorption maximum is found at 510 nm in a
99:1 water/acetone solution and at 570 nm in acetone solution
(Table S1). The extinction spectrum of S9/CIT-NUs hybrids
appeared just as the sum of the spectra of the single
components, and therefore, no relevant interactions between
the NUs and the dyes are established in these conditions
(Figure 3b). On the contrary, in the case of S9/SOt-NUs, two
peaks could be detected at about 652 and 526 nm, which we
attributed to the formation of two plexciton resonances. From
the energy separation among these two peaks a Rabi splitting
(ΩR) of ∼450 meV can be estimated. This assignment is
supported by the fact that the distance between the two peaks
increased by increasing the S9 concentration (Figure 3c).
Indeed, this behavior is typical of plexcitonic resonances,
whose Rabi splitting is proportional to the square of the
number of coupled molecules.16,43−45 It is remarkable that in
these nanohybrids the plexcitonic resonance forms even if the
plasmon band of NUs (625 nm) poorly overlaps with the dye’s
absorption band. We suggest that the dye, embedded in the
nanoparticle coating layer, experiences a low polarity environ-
ment and red-shifts its absorbance peak, reducing the detuning
and allowing an effective plexcitonic coupling. TEM analysis of
SOt-NUs before and after the addition of S9 did not reveal any
structural modification in the NUs morphology (Figure S4a,b).

Plexcitonic Nanohybrids with J-Aggregating Mole-
cules. Dyes 8−10, all belonging to the cyanine family, easily
form J-aggregates in the appropriate ionic strength, concen-
tration, or temperature conditions.46,47 For all these molecules,
we observed the formation of plexcitons after conjugation with
the NUs.
Cy75 (8) is an anionic dye that aggregates in water solutions

at high ionic strength values (NaCl 0.05 mM, Figure 3d).48

This dye in its J-aggregate form has already been employed to
prepare plexcitonic materials in the form of film-coupled
nanocube cavities.48 When Cy75 was mixed with CIT-NUs, it
did not produce plexcitonic resonances nor aggregate
formation (Figure 3e). Instead, in the presence of TMAOt-
NUs the typical features associated with the formation of
plexcitonic resonances appeared (Figure 3d): a dip in
correspondence of the excitonic band of Cy75 J-aggregates
(650 nm) and two side peaks (629 and 658 nm, ΩR ≈ 85
meV).20,23 As for S9, the concentration trend supports the
attribution of these two new peaks to plexciton resonances
(Figure 3f). Also in this case, the TEM analysis of TMAOt-
NUs before and after the addition of Cy75 did not reveal any
significant structural modification (Figures S4c,d).
TDBC (10) is an anionic dye well-known for the formation

of J-aggregates at high concentrations49,50 and it is often used
for preparing plexcitonic materials; see, for instance, refs 18,
20, 26, and 51. With this dye, we observed the formation of
plexcitonic resonances independently on the NUs capping
layer (Figures 3g,h), although with slightly different coupling
values: we estimated ΩR = 120 meV for TDBC/CIT-NUs and
95 meV for TDBC/TMAOt-NUs. Also in this case, the
dependence of the Rabi splitting on the dye concentration was
confirmed (Figure 3i). Different from the two previously
described systems, the TEM images of CIT-NUs before and
after the addition of TDBC revealed the smoothing of the tips
after the functionalization with the dye (Figures 4a,b), which
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induced a blueshift of the absorption band associated with the
tip plasmon, even at low TDBC concentration (Figure 4c and
Figure 3h). This reshaping is clear proof that TDBC exchanged
CIT molecules on the NU surface, establishing a direct
interaction with the metal surface.
PIC (9) is a positively charged dye (Figure 1a) that

aggregates at high temperature (85 °C) and in high ionic
strength conditions (see refs 49 and 50). With TDBC, it is one
of the most used dyes for preparing plexcitonic materials (see,
for instance, refs 17 and 52−54). We found that when
nonaggregated PIC to SOt-NUs (Figure 3j) and CIT-NUs
(Figures 3k,l) were added, the plexcitonic coupling was
established only with the latter, with a Rabi splitting of 130
meV. No plexciton formation or dye aggregation were
observed in the presence of SOt-NUs. We also tried to
prepare the nanohybrids by adding preaggregated PIC to the
NUs. In both cases, a broad and intense band above 700 nm,
due to NUs aggregation, dominates the extinction spectra of
the hybrids (Figure S5). Despite that, plexciton resonances
appeared again only with CIT-NUs. In light of these results, it
can be concluded that the inability of SOt-NUs to produce
plexcitonic coupling with PIC is not related to the capability of
templating the dye aggregation. As for TDBC/CIT-NUs
nanohybrids, we noted a reshaping of CIT-NUs (Figures
S4e,f) and a blueshift of the plasmon peak (see, for instance,
Figure 3k) after the addition of the dye molecules. Therefore,
also in this case, the formation of direct interactions between
the dye and the metal surface consequent to CIT exchange
could be established.
Nanohybrids with H-Aggregating Molecules. Nile

blue (11), which usually is present in solution as a monomer,
formed H-aggregates in the presence of SOt-NUs (Figure
S6a), as also reported for anionic SnO2 and SiO2 nanoparticles,
but no plexciton resonance was observed both with CIT- and
SOt-NUs.55 1,1′-Diethyl-2,2′-carbocyanine (12) typically
forms H-aggregates.56 Here, we neither observed the
nucleation of H-aggregates onto NUs surface, nor any
plexciton formation both with CIT- and SOt-NUs. However,
we observed the blueshift of the tip plasmon, likely due to the
tips’ smoothing, in the case of CIT-NUs (Figure S6b).

■ DISCUSSION
The results reported in this work allowed building the first
example of a library of plexcitonic materials based on colloidal
NUs. To the best of our knowledge, similar systems have been
studied so far only by Melnikau et al., who reported a
preliminary investigation on plexcitons promoted by the
coupling of gold nanostars and two cyanine dyes.35 Our
deep and complete characterization of these systems definitely
proved the high suitability of NUs to couple with organic dyes.

As mentioned, the easy tunability of the tip plasmon and the
enhancement of the electric fields at the tips make these
structures particularly suited in view of achieving strong
coupling with organic dyes and the effective formation of
hybrid plexcitonic resonances.
Despite the relatively wide range of families of organic dyes

taken into consideration, cyanine dyes were revealed to be the
most effective in the formation of plexcitons, especially in their
J-aggregate form, confirming a trend already widely established
in the literature.
More interesting are the different behaviors manifested by

the cyanine molecules in the coupling with NUs stabilized by
different capping agents. Two classes of capping agents have
been considered. On the one hand, we found evidence that,
with CIT-capped NUs, the dyes can establish direct
interactions with the metal surface after the (partial) exchange
of the capping molecules. The reshaping of the NUs’ tips after
the functionalization with the dye, as proved by the TEM
analysis and the blue shift of the plasmonic resonance, is a clear
indication of a partial exchange of the CIT by the cyanine
molecules and the establishment of direct metal−dye
interactions. On the other hand, in the case of thiol-capped
NUs negatively or positively charged the direct interaction is
not possible, as confirmed by the absence of any reshaping or
plasmon shifts, and the association between the dyes and the
NUs is due to electrostatic interactions with dyes of opposite
charge and possibly to hydrophobic interactions between the
nonpolar portions of the dyes and the inner alkyl part of the
capping layer.
We found that while TDBC interacts both with thiol-capped

NUs and CIT-capped NUs to form plexciton hybrids, PIC can
form plexcitons only with CIT-NUs and Cy75 only with thiol-
capped NUs. These findings confirm that the interaction
between the metal nanostructures and the organic dye
molecules in plexciton formation is strongly modulated by
the nature of the capping agent, which therefore requires a
careful evaluation.
In particular, the TDBC case allows the direct comparison of

the effectiveness of indirect noncovalent and direct metal−dye
interactions by examining the TMAOt-NUs/TDBC and CIT-
NUs/TDBC hybrids. Stronger coupling is observed in CIT-
NUs (ΩR ≈ 120 meV) than in TMAOt-NUs (ΩR ≈ 95 meV).
It is likely that the establishment of direct interactions reduces
the distance between the dye and the surface of the
nanoparticles and increases the number of dyes within the
effective volume (i.e., the volume where the NUs plasmon
enhance the electromagnetic field).57,58 This trend is also
confirmed by CIT-NUs/PIC (ΩR ≈ 130 meV) and TMAOt-
NUs/Cy75 (ΩR ≈ 85 meV), although the molecules compared
are different.

Figure 4. TEM images of CIT620 (a) before and (b) after TDBC addition (scale bar: 200 nm). (c) Extinction spectra of CIT620 before (orange
line) and after (dark blue line) TDBC addition (final TDBC concentration: 10 μM).
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Indeed, in the interplay between dye−nanoparticle inter-
actions and the formation of plexcitonic hybrids, the properties
of dye molecules must be kept into account. The Cy75 dye,
whose structure is similar to that of TDBC, forms a plexcitonic
hybrid only with TMAOt-NUs but not with CIT-NUs. With
respect to TDBC, Cy75 features benzothiazole rather than
benzimidazole groups and lacks two chlorine atoms at the 6,6′
positions and the ethyl groups at the 1,1′ positions of the
heterocycles. These structural differences explain its lower
tendency to aggregation in water solutions46,47 and might also
be responsible for its reduced capability of exchanging CIT
molecules and forming aggregates on the metal surface.
We also found that S9 is the only nonaggregating dye,

among the other seven molecules tested, capable of producing
plexcitonic resonances. It is probably not a case that S9 is the
only species presenting an elongated structure with a
polymethine chain connecting two (hetero) cyclic terminal
groups, very similar to the cyanine structure. Moreover, the
lower polarity environment provided by the capping layer also
seems to favor the plexcitonic coupling by reducing the
detuning between the molecular and the plasmonic resonances.
These findings suggest that mere electrostatic forces

between oppositely charged capping molecules and organic
dyes, while important,20 are not enough to establish a strong
coupling. Most likely, a delicate balance between electrostatic,
dispersion, and hydrophobic forces both between dyes and
between dyes and capping molecules determine the final
coupling regime.

■ CONCLUSIONS
In conclusion, in this study we systematically explored the
formation of plexcitonic resonances in a library of colloidal
hybrids prepared by coupling gold nanourchins and different
dyes. The attention was focused particularly on the still
underexplored role of the capping layer in mediating the
interaction and the coupling between the organic dye and the
plasmonic substrate.
Beyond providing new examples of plexcitonic hybrids never

reported before, we found that the nature of the capping layer
is crucial to determine the establishment of the coupling
between dyes and plasmonic substrate, which is the result of a
delicate and complex balance between a wealth of various
dye−dye and dye−capping molecules interactions: electro-
static, dispersive, and hydrophobic forces.
Our findings suggest that, at least with cyanine and cyanine-

like molecules, stronger couplings are achieved when a direct
metal−dye interaction can be established after the exchange of
capping molecules by dye molecules. These insights shed light
on a still unexplored aspect of the plasmon−exciton
interactions and open new perspectives for the design of
novel and performative plexcitonic nanohybrids.
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