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Selective switching of multiple plexcitons in colloidal
materials: directing the energy flow at the nanoscale

In the quest for new solutions to control the light-matter
interaction at the nanometer scale, we report the preparation
and characterization of responsive supra-molecular
nanohybrids in solution, built by coupling cationic gold
nanoparticles and anionic porphyrin dyes. Two sets of
plexcitonic resonances can be selectively activated or
deactivated by acting on external conditions such as dye
concentration and addition of anions. When both plexcitonic
resonances are activated, a cascade relaxation mechanism
involving both sets of resonances is promoted. These
findings have fundamental implications for achieving control
over energy flow at the nanoscale.
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Coupling of molecular emitters to plasmon resonances in metal
nanostructures has long been investigated to control the light—
matter interaction at the nanoscale. The emergence of different
coupling behaviors can be governed by the various combinations of
emitters and plasmonic substrates, as well as the spatial arrange-
ment of the individual components. Here colloidal assembly
methods are exploited to prepare a responsive nanosystem where
two sets of plexcitonic resonances in different coupling regimes can
be selectively switched on and off, acting on external conditions
such as concentration and presence of anions. The two sets of plex-
citon resonances are built exploiting the strong coupling between
cationic gold nanoparticles and the same molecular moiety, an
anionic porphyrin, in different aggregation states. When both plex-
citon resonances are simultaneously activated in the system, evi-
dence for a plexciton relaxation cascade has been found in photo-
luminescence experiments. These findings have fundamental impli-
cations for achieving control over energy flow at the nanoscale.

Introduction

The ability to control the light-matter interaction at the nano-
meter scale is one of the major tasks in all the nanophotonics
applications."”” One of the most exploited configurations to
optimize this interaction is the coupling of quantum emitters
(QE) with metallic plasmonic nanostructures, acting as nano-
cavities that localize light and generate enhanced electro-mag-
netic fields in a very small volume. In this context, the inter-
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action of plasmons and molecular QE is a widely explored
topic both as a probe for the optical properties of the material
system and as a source of new hybrid states of light and
matter, such as polaritons.®*

Besides their importance for fundamental studies of light-
matter and many-body interactions at the nanoscale,” hybrid
molecular-plasmon states promise to unlock an unpre-
cedented capability of directing the migration of excitation
energy at the nanoscale,’ offering exciting prospects in light-
harvesting and all-optical circuit architectures and in general
for all those photonic applications that require strict control
over the flow of energy in time and space.’®

In general, the interactions between QEs and plasmonic
media can be classified into weak and strong coupling
regimes, depending on the relative ratio between the rate of
the energy exchange between the two components and the
respective dissipation rates.'* When the dissipation rates pre-
dominate, the weak coupling regime is obtained. The plasmon
and the QE maintain their individual properties, and the
optical response of the excited QE can be either enhanced or
suppressed (e.g., changing the emission lifetime, the Purcell
effect),’” as widely documented in various systems.”® On the
other hand, when the energy exchange rate overcomes the dis-
sipation rates, the system enters the strong coupling regime
and the formation of hybrid polariton states is promoted.
These hybrid plasmon-exciton states are often called plexci-
tons (or excimons).®® The formation of hybrid plexcitonic
states have been extensively studied for the propagating
surface plasmon polaritons (SPPs) of metal surfaces.">® More
recently, strongly coupled plasmon-exciton states have also
been identified for the localized surface plasmon resonance
(LSPRs) of nanoparticles in suspension, but here the spectral
signatures of coupling are more subtle and the number of
examples is very limited.'*?°*

Although strong light-matter coupling with organic mole-
cules has been known for about 20 years, it is only during the
last decade that the chemical aspects of the coupling have
started to be explored. The realization that the chemical pro-
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perties of molecules can be changed in a reversible manner by
strong coupling to light opened what is now known as polari-
tonic chemistry.”* However, attention has been so far focused
on fundamental investigations on “static” systems, where
coupling parameters are tuned by modifying either the plas-
monic nanosystem or the organic layer to obtain hybrid states
with suitable properties.>>*® On the other hand, “dynamic”
systems, where plexcitons are activated and modulated by
external stimuli may offer the possibility to realize new plexci-
tonic devices. Indeed, the first ‘tunable’ plexcitons have been
recently described. In these examples, the Rabi splitting
between the upper and lower plexciton resonances were tuned
by changing the amount of dye molecules, usually cyanines,
deposited on the plasmonic nanosystem."**’

Taking inspiration from these examples, we focused our
attention on the possibility of exploiting the supramolecular
interactions at play between the two entities forming the plexci-
ton. Such interactions are indeed compelling to achieve the
necessary spatial proximity between the plasmonic nanosystem
and the QE and determine their mutual arrangements.
Moreover, their dynamic nature could allow the controlled acti-
vation or de-activation of the coupling conditions necessary for
the efficient formation of hybrid plexciton states. Accordingly,
we propose here a “responsive” nanosystem in solution, where,
depending on controllable external conditions, multiple plexci-
tonic resonances in different coupling regimes can be selectively
activated, and, in turn, different optical properties, including a
plexciton relaxation cascade, can be achieved.

More in detail, in the proposed systems, two sets of hybrid
plasmon-exciton resonances are promoted by coupling the
same molecular dye in different aggregation forms with the
LSPR of a cationic gold nanoparticle (NP). By controlling the
supramolecular dye-dye, NP-NP, and dye-NP interactions, it is
possible to selectively turn on and off the two sets of reso-
nances and promote configurations where none, only one or
two resonances are introduced (Table 1). Interestingly, when
they are both present, the two sets of resonances do not act as
independent transitions but collectively contribute to the
system relaxation.
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Results and discussion
Design of the hybrid systems

To prepare responsive hybrid systems, we exploited the self-
organization of the diprotonated form of the anionic dye
5,10,15,20-tetrakis-4-sulfonato-phenyl porphyrin (H,-TPPS*")
on cationic gold nanoparticles (NPs) (Fig. 1a). Indeed, the
ability of this dye to form molecular aggregates with relevant
spectroscopic properties in a controlled way is well-known.>*!
At pH values below 3, the porphyrin is doubly protonated at
the tetrapyrrolic core and the resulting charge distribution
favors the formation of J-aggregates. Effective aggregation
requires however also the presence of other concurrent co-
factors such as high concentration, high ionic strength, or the
presence of polycationic templating agents like polymers or
nanoparticles.?*?>3°

On these bases, we prepared gold nanoparticles (NPs) with
an average diameter of 11 + 2 nm by a modified Turkevich pro-
cedure and coated them with 8-trimethylammonium octylthiol
(Fig. 1a).”° NPs of this size can both support strong plasmons
and give rise to stable suspensions in water. The hybrid nano-
systems were then assembled by simply mixing NPs (5-30 pM)
and H,-TPPS*~ (0.5-4 pM) in water at pH 2.2 (6.3 mM HCI). In
these low-concentration conditions and in the absence of NPs,
the porphyrin is present mostly as free monomers and the for-
mation of aggregates can only occur by the nanoparticle tem-
plating action. We found that the nature of the hybrid formed
is mainly controlled by the ratio between H,-TPPS*~ and NPs
concentration in solution. For this reason, we defined the ‘por-
phyrins-per-particle’ (PPP) parameter, calculated as the ratio
between the nominal concentrations of H,-TPPS*~ and NPs in
the final solution. Geometrical calculations indicate that
depending on the orientation they assume on the particle
surface, the number of porphyrin units necessary to coat the
whole surface of a nanoparticle with a diameter of 11 nm
ranges from about 300 (“parallel” orientation) to 1400 (“per-
pendicular” orientation).

We explored the supramolecular assembly of NPs and H,-
TPPS>~ for PPP values going from 0 (only NPs) to 10 400, com-

Table 1 Summary of the obtained regimes: one or two sets of plexciton resonances (URg/LRg and URq/LRg) can be selectively activated by control-

ling the PPP parameter

With sulfate anions PPP =100

PPP = 1040

PPP = 5200

NO plexciton resonances

‘Fano’ regime)

) )
URG/LR, plexciton (intermediate ~ URq/LRq + URg/LRg plexcitons: plexciton
relaxation cascade

URp/LRg plexciton (strong ‘Rabi’
regime)

Gold NPs are represented as orange spheres, while H,-TPPS®>~ in the monomer (J-aggregate) form is depicted as blue (green) ellipses. In the first
column, purple circles represent sulfate anions, hindering the coupling between porphyrin and NPs. In the insets: experimental TEM micrographs.
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Fig. 1 (a) Molecular structure of diprotonated H,-TPPS>~ and 8-tri-
methylammonium octylthiol capping molecule (left) and TEM micro-
graph of cationic NPs (right, scale bar 20 nm). (b—d) TEM micrographs of
NP-TPPS nanohybrids prepared with different values of the ‘porphyrin-
per-particle’ (PPP) parameter at two different magnifications (scale bars:
1um on the left and 20 nm on the right); (b) PPP = 100; (c) PPP = 1040;
(d) PPP = 5200. At intermediate values of PPP (PPP ~ 1000), the for-
mation of a more significant amount of NPs’ aggregates is verified.

paring the modifications of the extinction spectra of the result-
ing solutions with respect to those of the bare constituents. In
the following, nanohybrids obtained at a specific value of PPP
will be labeled as NP-TPPS_PPP. The nanohybrids obtained
were characterized by TEM analyses (see ESIf). Fig. 1(b), (c) and
(d) report, as an example, the TEM micrographs collected for
three nanohybrids samples with PPP = 100, 1040, and 5200.

This journal is © The Royal Society of Chemistry 2021
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Extinction spectra

Fig. 2 shows the extinction spectra of nanohybrids (blue)
obtained at selected values of PPP. As a term of comparison,
the spectrum of the NPs at PPP = 0 (red), and of the mono-
meric and J-aggregate forms of H,-TPPS>~ (green, upper panel)
are reported. The extinction spectrum of the NPs is character-
ized by the typical plasmonic resonance at about 530 nm.*"
H,-TPPS*~ in the monomeric form features two main
groups of absorption bands. At higher energies, the so-called
B-band at 434 nm can be identified, while at lower energies,
the weaker Q-bands are found at 650 and 580 nm. In the
J-aggregate, the presence of intermolecular excitonic inter-
actions causes the splitting of each of the monomer bands

Energy (eV)
2.2 1.8

T T T

J-aggregate form|
Monomeric form

5

Q-bands

Norm. Extinction

(

O
-

Normalized Extinction

increasing PPP
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Wavelength (nm)

450

Fig. 2 Normalized extinction spectra of (a) H,-TPPS?~ in its monomeric
and J-aggregate form and (b) nanohybrids at increasing values of PPP
from PPP = 43 to PPP = 10 400; the red line represents the extinction
spectrum of bare NPs (PPP = 0). The spectra are shifted vertically to
ease the comparison. Vertical dashed lines pinpoint the position of the
main absorption bands of H,-TPPS?~ in its two forms. Light blue (dark
blue) arrows indicate the position of the URg/LRg (URg/LRq) plexciton
resonances.
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into a blue-shifted and a red-shifted band.*®****>*? This is par-
ticularly evident in the B band region where two new excitonic
bands appear at 420 and 490 nm. The effect is less pronounced
in the Q band region where the excitonic interactions are lower
and the presence of a vibronic progression makes the identifi-
cation of the bands more difficult. The absorption properties
of this porphyrin in different aggregation states have been the
object of several investigations, and more details can be found
for example in ref. 32, 37 and 42. In Fig. 2, green lines (dashed
for the monomer, dotted for the aggregate) pinpoint the most
intense bands (434 and 650 nm for the monomer, and 490
and 710 nm for the J-aggregate).

It is immediately apparent that the spectra of the hybrid
systems do not correspond to the mere sum of the NPs and
H,-TPPS>” spectra, and this is the first evidence for the pres-
ence of significant interactions between the NPs and the por-
phyrins at the surface. Clear trends can be identified as a func-
tion of the PPP.

At high values of PPP (PPP > 1000), the overall amount of
H,-TPPS”” is in large excess and it is high enough to ensure
the complete saturation of the NPs surface even in the “per-
pendicular” configuration. In these conditions, the formation
of porphyrin aggregates on the surface of the particles is
expected.”*®> The extinction spectra clearly suggest the pres-
ence of both free H,-TPPS>~ (strong and sharp bands at 434
and 650 nm). In addition, nanoparticle-adsorbed J-aggregates
are present. These are revealed by the shoulder at 710 nm and,
in particular by a pronounced dip in the B band region in cor-
respondence of the exciton band of the aggregate at 490 nm,
accompanied by two side peaks at about 477 and 540 nm
(light-blue arrows in Fig. 2).

These bands present the typical anti-crossing behavior
expected when plexcitonic resonances are formed upon the
mixing of the plasmonic and excitonic resonances. Similar fea-
tures were also reported for H,"TPPS*~ J-aggregates strongly
coupled with Al nanodisks’® and mnanostructured silver
films.*”*® Therefore, these two bands can be attributed to the
formation of an upper (UR) and a lower (LR) plexciton reso-
nance, arising from the strong coupling between the 490 nm
exciton resonance of H,-TPPS>~ J-aggregates and the plasmon
resonance of NPs. These plexciton resonances will be denoted
from now on as URgp/LRg where the B subscript highlights
their involvement in the B-bands range. From the energy of
these bands it is also possible to estimate the value of the
coupling. Indeed, the energies of the upper (E,) and lower (E_)
branch plexciton states can be expressed using a coupled har-
monic oscillator model as:**

Eexe +Epp 1 1 ,
Ei = % - E (yexc + }’pl) + \/gz + 1 (5 - l(yexc - J/pl))2
(1)
O = 4g2 - (}Iexc - ypl)z (1b)

where E.,. and Ey, are the resonance energies of the uncoupled
exciton and plasmon and ye and yp their associated ampli-
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tude decay rates, quantified as spectral widths (half-width at
half-maximum); g is the coupling and 6 = Eey. — Ep, is the reso-
nance energy detuning. The energy difference between the
plexcitonic resonances is called Rabi splitting and it is defined
when the condition 2g > |yexe — 7pi| is verified. This condition
is sometimes defined as the strong coupling regime.*®
Frequently, however, strong coupling is used to indicate the
more demanding regime of coherent coupling,>® where the
hybrid states are well resolved in the spectrum, which is
reached when Qg” > (yexc” + 7p1°)/2.°1>* The latter is the phys-
ically relevant regime, as the hybrid states are separately
addressable,”® and represents the situation where a coherent
exchange of energy between plasmon and exciton is present.
E., 6 and yex,p can be estimated from the extinction spectra
reported in Fig. 2 (see ESIT) and lead to a coupling g of about
200 meV. An error of about 20% has been estimated for this
value because of the uncertainty in precisely selecting the posi-
tion and the width of the experimental bands. Nevertheless,
the estimated value is in good agreement with previous
findings*®™*® and the strong coupling condition (specifically
Qg% > (Yexc” + 1p1°)/2) holds in any case.

At intermediate values of PPP (PPP ~ 1000), a significant
amount of free H,-TPPS®>~ is not observed because all the H,-
TPPS®>~ can be accommodated on the particles’ surface avail-
able. In the B-band region, the features attributed to the URg/
LRy are still identified, although weaker. The band previously
detected at 540 nm appears now red-shifted (the maximum at
PPP = 1040 is at 560 nm) and wider respect to the analogous
band at higher PPP. This behavior can be justified invoking
the formation of a more significant amount of NPs’ aggre-
gates,’ as it is also apparent from the comparison of the TEM
micrographs of Fig. 1(c) and (d). Moreover, in the Q-bands
region, a second dip, although less pronounced, is manifested
at about 650 nm, corresponding to the most intense Q band of
the monomer. Two adjacent maxima at about 620 and 670 nm
could also be identified (blue arrows).

These latter features appear around PPP = 2080 and remain
present also at lower values of PPP (PPP < 100), where the
signals due to URp/LRg are not visible. At these PPP, indeed,
the B-band region is dominated by a weak and broadened
signal at about 434 nm corresponding to the B-band of the
monomeric H,-TPPS>", suggesting the presence in the
samples of only NP-adsorbed porphyrin monomers.
Noteworthy, the band in the 500-550 nm region shifts back to
the blue with a maximum of 533 nm and accordingly also the
TEM micrographs capture a lower degree of NPs aggregation
(Fig. 1(b)).

We attribute the modification of the spectra in the Q bands
region to the formation of a second set of resonances, denoted
as URq/LRq, arising from the coupling between the 650 nm
resonance of the monomeric H,-TPPS>~ and the red tail of the
plasmon resonance of NPs.

The coupling g is calculated to be about 100 meV (eqn (1.a)
and (1.b), with an uncertainty of about 20%. This value is
lower than in the URg/LRy case and comparable with the decay
rates of the system (2g ~ |fexe * 7pi|)- The associated Qg is

This journal is © The Royal Society of Chemistry 2021
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higher than the molecular linewidth, but it is smaller than the
plasmon linewidth, a clear indication of an intermediate coup-
ling regime.'® This suggests that the URo/LR, signals, rather
than be the expression of a Rabi splitting, represent a Fano-
like interference phenomenon, typically established in the
regime of intermediate coupling.’*™” In this situation, an
induced-transparency dip opens up in the extinction spectrum
due to a Fano-like interference between the plasmon and the
molecular transition dipole moments.>®

There has been a lot of debate on the nature of plexcitons
in the intermediate coupling regime.>>”°%% To distinguish
between the intermediate and the strong coupling regimes, PL
measurements have emerged as a valuable tool.”>°"** Indeed,
while in both regimes, the extinction signal has two maxima,
PL is an incoherent phenomenon, and thus it cannot display
Fano interference. This means that in the intermediate
regime, although two peaks are recorded in the extinction
spectrum, only one is expected in the PL spectrum, predicted
to appear at the minimum of the induced transparency dip.®

As further verification of the establishment of a strong
coupling between NPs and H,-TPPS>~ in both monomer and
aggregate forms, nanohybrids with the same PPP values have
been prepared using sulfuric acid (H,SO,) instead of HCL. The
doubly negatively charged sulfate anions, present in large
excess, inhibit the binding of the porphyrins as a result of
effective competition. As expected, the extinction spectra of
the obtained nanohybrids, except for a slight red shift of the
plasmonic resonance due to NPs aggregation caused by sulfate
anions,*® are basically superpositions of the spectra of the
non-interacting species (Fig. 3).

PL spectra: evidence for a plexciton relaxation cascade

One of the main challenges in the PL measurements on these
samples is that their quantum yield (QY) is known to be very
low, if any,*® being at least two orders of magnitude less than a
standard dye.®> Consequently, the emission of residual traces
of unbound molecules of H,-TPPS>™ is expected to contribute
significantly to the PL spectrum in most cases. To minimize
this contribution, the nanohybrid samples were purified by
the excess of unbound porphyrin using a series of centrifu-
gation and resuspension cycles. The integrity of the nano-
hybrids and the reduction of unbound porphyrin molecules
were checked by recording the extinction spectrum before and
after each centrifugation cycle.

In Fig. 4(a) we report the PL spectra measured for the
NP-TPPS_1040 sample at different excitation wavelengths. A
weak PL signal at 668 nm, typical of the uncoupled H,-TPPS*~
monomer,** is recorded when the excitation wavelength is
tuned close to one of the absorption bands of the porphyrin
(Aexe = 470 and 550 nm). Upon excitation at 510 nm, however, a
blue-shifted emission band centered at 655 nm appears. The
presence of this band is reproducible across different batches
of samples prepared in the same conditions. At 510 nm, the
oscillator strength of the non-coupled H,-TPPS*~ is very low
and therefore its contribution at this exciting wavelength is
minimized.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Normalized extinction spectra of (a) H,-TPPS2~ in its monomeric
(dark green) and J-aggregate (green) form and (b) nanohybrids prepared
as the samples in Fig. 2 but replacing HCl with H,SO,. Sulfate ions
switch off the plexciton interactions. PPP = 0 (only NPs, red); PPP =
1040 (purple) and PPP = 5200 (pink). In this latter sample, the Hj-
TPPS®~ aggregation was promoted by the addition of Na,SO, to ease
the comparison with the spectra of the non-interacting species (see the
Methods section for more details on the preparation of these samples).

This emission signal has only one maximum at a wave-
length located in between the UR, and LRy resonances. This
behavior agrees with recent experimental findings suggesting
that the appearance of a single PL signal located at the
minimum of the transparency dip is a clear indication of an
intermediate (Fano) coupling regime.> This also supports the
initial attribution based on the value of g estimated through
the extinction spectrum.

It is also worth noting that this emission in the Q bands
region is promoted by excitation at 510 nm, resonant with the
LRy band. This immediately suggests that the signal detected
at 655 nm can be likely attributed to the PL from the URq/LRq
resonances, following the relaxation from the initially excited
LRg.

As control experiments, we also recorded, at the same exci-
tation wavelength, the PL of solutions of the nanohybrids
NP-TPPS_5200 and NP-TPPS_100, where URp/LRg and URq/
LRq are predominant, respectively (Fig. 4(b)). The inspection
of the spectra reveals that no emission is observed in the
NP-TPPS_100 sample, suggesting that the URq/LRq cannot be

Nanoscale, 2021,13, 6005-6015 | 6009
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(a) Normalized PL spectra recorded for the sample NP-TPPS_1040 at different excitation wavelengths; (b) comparison between the normal-

ized PL spectra of NP-TPPS_1040 (blue line), NP-TPPS_100 (dotted black line), NP-TPPS_5200 (light blue solid line) and H,-TPPS2~ in the monomer

form (green dashed line), obtained exciting at 510 nm.

directly excited at 510 nm. In contrast, in the NP-TPPS_5200
sample only the emission at 668 nm due to residual uncoupled
H,-TPPS>” is detected. Also, no emission is observed for both
the samples in the wavelength region between 470 nm and
550 nm, suggesting that the URp/LRg manifolds are not
emissive.

We repeated the extinction and PL measurements on the
same samples at 77 K (Fig. S5 in ESIT). The extinction spectra
at 77 K present the same features already found also at room
T, with bands slightly narrower. Also the PL behavior is
similar, except that the PL signal at 655 nm is strongly
quenched. This implies that the mechanism of population of
the emitting state is annihilated at low temperature,
suggesting that phonons and coupling with vibrational modes
may have a non-negligible role in the relaxation dynamics.®®

Two different kinds of tunable plexcitons with the same
molecule

While the appearance of the URg/LRg at high PPP is in line
with previous findings and falls clearly into a regime of strong
coupling, more intriguing is the behavior of URq/LRq. The for-
mation of plexcitons with molecular excitations coming from
organic molecules in the monomeric form is seldom
observed.®”””7° Indeed, the transition dipole moments of
organic molecules are typically too low to strongly interact
with plasmons. This is why J-aggregates, characterized by
enhanced oscillator strengths than their monomeric
counterparts,”>’" are most often considered. In our specific
case, not only the extinction coefficient of the Q band of the
monomer is modest, but also its spectral overlap with the NPs
plasmon is relatively poor. Consequently, the formation of
plexcitonic resonances between monomeric H,-TPPS*~ mole-
cules and a single NP seems unlikely.

We suggest that the peculiar behavior in the Q bands
region could be attributed to the formation of plasmon nano-
gaps’®> where the H,-TPPS*~ molecules are trapped between

6010 | Nanoscale, 2021, 13, 6005-6015

two closely adjacent metal nanostructures. Similar geometries
have already been suggested for NPs coupled to quantum
dots.>®%%%73 In this condition, the electro-magnetic field is
strongly confined in the inter-particle space. When a molecule
or a quantum dot is placed there, its absorption can be
strongly enhanced, causing an induced transparency phenom-
enon and the appearance of the typical Fano dip, like in our
case.”” Interactions of plasmons among nanoparticles in close
proximity create plasmon coupling modes whose energies are
sensitive to the nanogap parameters. In general, the resonant
peak of two interacting particles is red-shifted from that of a
single particle because of near-field coupling.”*”” In this situ-
ation, the resonance condition with the Q band transition is
better fulfilled in the red tail of the plasmonic resonance origi-
nated by the formation of NPs aggregates, whose plasmon
resonance is indeed red shifted.>*”®

Experimentally, the hypothesis of nanogaps formation in
aggregates of NPs is supported by the TEM micrographs,
which indeed capture a higher degree of aggregation exactly
for conditions where the URo/LRq resonances appear more
intense (PPP ~ 1000, Fig. 1(c)). The same behavior is verified
looking at the changes of the plasmonic band in the
500-550 nm region as a function of PPP, which red-shifts and
becomes broader concurrently with the appearance of the
bands at about 620 and 670 nm, assigned to the formation of
URo/LRq plexciton resonances. Moreover, the width of the
interstitial spaces recorded in the TEM micrographs is compa-
tible with the possibility of the presence of tilted molecules of
H,-TPPS>~ crosslinking the NPs (Fig. S47).

All these experimental evidence points toward the reason-
able attribution of the URg/LRq features to plexciton reso-
nances in the intermediate coupling regime. Nevertheless, it is
known that even without the formation of hybrid plexciton
states, the plasmon-mediated interaction between the exci-
tations of co-adsorbed molecules can result in modifications
of the absorption properties of the molecular moieties, includ-

This journal is © The Royal Society of Chemistry 2021
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ing the appearance of bands’ splitting, shifts, and asymmetric
line shapes.”” The first evidence against this argument is that
in this case dependence of the spectral modifications on the
degree of coverage is typically recognized,”” which is not the
case here.

To further corroborate the hypothesis on the nature of the
plexcitonic states URp/LRg and URg/LRq, Boundary Element
Method (BEM) electrostatic calculations have been performed.
Different complex dielectric materials embedded in water have
been considered to mimic the NP coupling with a porphyrin
J-aggregate and to show the possible spectral resonance
between aggregates of NPs and the porphyrin monomer.

We employed the MNPBEM (v. 7) MATLAB toolbox for all
computations.”® We modeled the monomer and J-aggregate
dye polarizability as a linear combination of Lorentzian func-
tions representing Q and B bands. Transition energies, band-
widths, and relative strengths for the monomer and ] aggregate
bands have been retrieved from the experimental absorption
spectra and ref. 79 and 80. From the monomer and J-aggregate
polarizability, the dielectric functions describing the monomer
and J-aggregate as a continuous phase have been calculated
through a Clausius-Mossotti relation. We used a concentration
of 0.1 nm™ and 0.625 nm ™ for the monomer and J-aggregate
materials, respectively. Gold dielectric function is taken from
ref. 81. Since the organic surfactant layer is not optically active
in the spectral range of interest, it has been modeled as a con-
tinuous layer of polarizable material with a dielectric constant
of 2.0. Geometrically, NPs were built up from an 11 nm dia-
meter sphere of gold capped with a 1.2 nm thick layer of sur-
factant material. To model the coupling with J-aggregates, two
promontories were located symmetrically with respect to the
NP. Promontory shapes were obtained from a 9.84 nm dia-
meter spheres centered at the NP surface, only the polarization
parallel to the promontory axis was considered (see the
cartoon inset in Fig. 5). The goal of this setup was to take into
account the anisotropic optical response of the porphyrins.

The absorption spectrum obtained in these conditions is
shown in Fig. 5 and compared with the experimental extinc-
tion spectrum at PPP = 520. The model successfully predicts
the formation of plexciton bands in the B-band region, sup-
porting our interpretation of the signals at 477 and 540 nm as
upper and lower plexciton branches (URg/LRg).

In the case of NPs interacting with H,-TPPS®” in the
monomer form, several arrangements of NPs aggregates and
various distances between NPs inner cores have been explored.
In particular, it was found that large linear aggregates of NPs
can be tuned to be resonant with the monomer Q band and
promote the building of an intermediate coupling regime and
the formation of the URy/LRq resonances (Fig. S61).

These findings demonstrate that in our systems, one or two
sets of plexciton resonances can be selectively activated by con-
trolling the aggregation state of the porphyrin on the particle
surface, and the particles aggregation, as summarized in
Table 1. This, in turn, is essentially obtained by tuning the
relative ratio between particles and dyes in the samples.
However, a fundamental contribution is also provided by the

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Simulated normalized absorption spectrum in the 450-550 nm
wavelength range of a capped gold NP of 11 nm diameter (red), a H,-
TPPS?~ J-aggregate sphere (green), and a NP with two symmetrically
located J-aggregate promontories (light blue). The experimental extinc-
tion spectrum at PPP = 520 is also reported for comparison (dashed
black line). The cartoon schematizes this model depicting the NP
(orange sphere) and the J-aggregate promontories (green spheres). The
simulated spectra in the full 350-750 nm range are reported in the
inset. Promontory shapes are obtained from a 9.84 nm diameter spheres
centered at the NP surface. Plexcitonic hybrid bands in the region of
URg/LRg are clearly detected.

multivalent nature of H,-TPPS*~ which, thanks to the four
peripheral negative charges, can act as nanoparticles cross-
linker both in the monomeric and J-aggregate form. When the
H,-TPPS®>~ concentration is low enough, only individual dye
molecules are present on the unsaturated particle surface.
These conditions promote the aggregation of the particles with
nanogaps formation and the sole URg/LRy plexciton is
observed. It can be speculated that nanoparticles aggregation
might induce H,-TPPS®>~ molecules to take a perpendicular (or
anyway tilted) orientation with respect to the particle surface
and this in turn reinforce the crosslinking ability of the dye. In
the light of this, it is clear that a fine control of the orientation
of the porphyrins on the metallic surface may reveal to be a
crucial, although challenging, task.

As their concentration increases, porphyrins start to form
J-aggregates on the surface of the nanoparticles, and this turns
on the URg/LRg plexciton. In the end, the whole particle surface
is coated by J-aggregates. This circumstance reduces the aggre-
gation of the nanoparticles, as reported by Dynamic Light
Scattering (DLS) measures (Fig. S51), and increases the interpar-
ticle distance (Fig. S41). In these conditions the sole URg/LRg
plexciton is observed, likely because few or no particle-bound
monomers are present in the sample. Finally, all the plexcitons
can be easily deactivated by adding a species, as the sulfate
anions, with a higher affinity for the particle surface.

These nanohybrids represent a substantial step further with
respect to the few examples of ‘tunable’ plexcitons reported so

Nanoscale, 2021, 13, 6005-6015 | 6011
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far in the literature.">”**” Indeed, the degree of external
control reached by our systems is not limited to a change in
the coupling regime of the same plexciton resonance. Instead,
exploiting the higher complexity of the porphyrin dye and its
supramolecular interactions with nanoparticles, more than
one plexciton resonance can be promoted, and each resonance
can be selectively activated or deactivated acting on external
conditions such as dye concentration and addition of anions
(Table 1).

It should also be noted that the situation achieved at inter-
mediate values of PPP, with the simultaneous presence of two
sets of plexciton resonances, is quite different from the so-
called ‘double Rabi splitting’,** or ‘hybrid polaritons’® where
different molecular species are coupled with the plasmonic
substrate and undergo optically driven mixing. Here the URg/
LRg and URq/LR, resonances can be modulated indepen-
dently, and, most importantly, they are formed starting from
the same molecule in different aggregation forms rather than
by multiple functionalization. Moreover, the two sets of plexci-
ton resonances are connected by a relaxation phenomenon
that promotes the PL emission from URy/LRq only upon exci-
tation of LRg, whereas the PL is not activated by direct exci-
tation. The presence of this relaxation channel, to be furtherly
characterized, might imply a polaritonic-assisted mechanism,
analogously to polariton-assisted energy transfer, recently
demonstrated between different species coupled to the same
plasmonic structure.’

The activation of a relaxation cascade mechanism among
the two plexciton resonances opens exciting perspectives to
control the flow of excitation energy for example in light-har-
vesting applications. From a general point of view, the pres-
ence of strong coupling among units involved in energy trans-
port processes is currently recognized as a key design factor to
control the mechanisms of energy transfer, through the acti-
vation of coherent transport channels.®*%*

The presence of coherent channels has already been veri-
fied in H,-TPPS®>~ J-aggregates and the possibility to self-
assemble these aggregates within suitably designed nano-
structured environments has been already proposed as a viable
strategy to control energy and charge transport.*> Indeed, the
combination of molecular excitons and plasmons in strongly
coupled hybrid systems is particularly attractive because of the
very extensive control we have over the plasmon modes sup-
ported by metallic nanostructures. Such control derives from
an established knowledge between the details of the nano-
structure and the associated plasmon mode.’ Here we have
demonstrated the feasibility of this approach preparing hybrid
nanostructures where indeed a cascade relaxation channel can
be activated or deactivated according to externally controlled
conditions.

Conclusions

While the complexity of these systems surely calls for further
steady-state and time-resolved characterizations, the results

6012 | Nanoscale, 2021, 13, 6005-6015
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reported here demonstrate that it is possible to selectively acti-
vate and deactivate multiple plexciton resonances exploiting
supramolecular interactions between cationic gold NPs and a
polyanionic porphyrin. Tuning the relative ratio between the
concentration of NPs and porphyrins, it is possible to prepare
nanohybrids promoting the strong coupling between the NPs
and the same molecule in different aggregation states. Two
different sets of plexcitonic resonances can be prepared either
in the B-band region, exploiting the strong coupling with the
B-band of J-aggregates (URp/LRg), or in the Q band region
(UR@/LRq), forming plasmonic nanogaps with the monomeric
species in the intermediate coupling regime. Differently from
other proposed materials, here the presence of multiple plexci-
tons is not promoted by the sequential functionalization with
different species, but using the same molecular species just
tuning its aggregation state.

In suitable conditions, nanohybrids, where both reso-
nances are present simultaneously, can be prepared. In this
situation, preliminary evidence also suggests the two sets of
resonances are connected through a cascade relaxation mecha-
nism that activates PL from the URqg/LRq only upon LRy exci-
tation. The presence of such a relaxation channel, which can
be activated or deactivated through the control of external con-
ditions exploiting well-established supramolecular chemistry
methodologies, opens up exciting perspectives to control the
energy flow in nanostructured systems, for example in light-
harvesting and photonics applications.

Methods

The gold nanoparticles have been prepared following a modified
Turkevich protocol, as described in ref. 40. The native citrate
capping layer has then be replaced with a suitably synthesized
8-trimethylammonium octylthiol to make the NPs’ surface posi-
tively charged.”® The TEM analysis (recorded on a Jeol 300 PX
electron microscope) revealed an average diameter of 11 + 2 nm
(Fig. 1(a) and Fig. S1t). From these analyses and from the TGA
curves (Fig. S2f), we obtained an averaged formula of
AU30591(SR),426 (Where SR is the cationic thiol). According to this
formula, for convenience, the nanoparticle concentration has
been converted into concentration of 8-trimethylammonium
octylthiol units grafted on their surface by multiplying by 2426.
NMR analysis confirmed the purity of the sample (Fig. S37).
Additional details about the synthesis and characterization of
the thiol and the AuNPs are described in ESL}

To prepare the NP-TPPS_PPP samples, suitable volumes of
MilliQ water (pH = 2.2, HCI) and of a concentrated NPs solu-
tion (5 mM), were added in this order to a 1 mM solution of
H,-TPPS®>~ at pH 3.2. Table 2 reports the exact volumes used to
prepare relevant examples of NP-TPPS_PPP samples.

The resulting solution was gently shaken to obtain a homo-
geneous solution and allowed to rest for a night. The final pH
is 2.2. The absorption and PL spectra were recorded the day
after the synthesis in order to allow the coupling among NPs
and H,-TPPS>~ to be complete.

This journal is © The Royal Society of Chemistry 2021
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Table 2 Volumes used for the preparation of the nanohybrids samples

MilliQ AuNPs H,-TPPS*~

water, pL (5 mM), pL (1 mM), pL
NP-TPPS_5200 995 1 4
NP-TPPS_1040 998 1 1
NP-TPPS_100 994 6 0.5

For the samples of Fig. 3, MilliQ water (pH = 2.2, H,SO,), a
concentrated NPs solution (5 mM) and a 1 mM solution of
TPPS (pH = 7) were used. In particular, the samples in Fig. 3b
were prepared with the same volumes of NP-TPPS_1040 (purple
spectrum) and NP-TPPS_5200 (pink spectrum). In this latter,
MilliQ water was 1 M in Na,SOy,, in order to promote the aggre-
gation of H,-TPPS>".

The PL spectra were recorded after three washing steps,
each one consists of (i) centrifugation at 10 000 rpm for 10, (ii)
removal of the supernatant, (iii) addition of MilliQ water at pH
= 2.2 and, finally, (iv) sonication for 20'.

Extinction spectra were recorded with a Cary 5000 spectro-
photometer, while a Jobyn Yvone FluoroMax 3 was employed
for PL measurements. All the PL spectra have been recorded
using a KV550 longpass filter (Newport®) before the detector
to remove the unwanted contribution of scattered light below
550 nm.
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