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Abstract 

This Thesis aims at gaining a deeper knowledge of the photophysical properties 

of hybrid plexcitonic nanosystems. Plexcitons are hybrid states originating from 

the mixing of the plasmon resonances of metal nanostructures with molecular 

excitons.  

They belong to the family of polaritons, i.e., mixed matter-light states formed 

upon the promotion of strong coupling between light and matter. These mixed 

states are currently gaining broad interest to control the flux of energy at the 

nanoscale thanks to their ability to modify the energy landscape of molecules by 

promoting strong coupling to an electromagnetic mode. 

Here, colloidal plexciton systems are considered, where the plasmonic component 

is a colloidal nanoparticle. The exploration of the dynamical properties of these 

nanohybrids is still in its infancy, with just a handful of papers devoted to their 

ultrafast characterization. Nonetheless, there are high expectations for effectively 

using the strong coupling to modify rates of chemically relevant molecular 

processes. The emerging interest in these materials affects several application fields 

(like sensing, photonics, plasmonic switching and lasing, quantum information 

processing and artificial light-harvesting) for the chance to obtain useful devices 

exploiting the peculiar properties of these nanosystems, including their possible 

capability of sustaining coherent energy transfer. 

The research activity has focused first on the synthesis of plexcitonic hybrids, 

performed by supramolecular coupling of gold nanorods with J-aggregates of the 

pseudoisocyanine (PIC) molecule. Once fine-tuned and optimized the synthesis 

procedures, the photophysical properties of the hybrid systems have been 

characterized and studied with the pump-probe spectroscopy: their ultrafast 

dynamics are analyzed in different coupling regimes and with different pump 

fluences. Overall, the obtained findings suggest that in the first few picoseconds, 
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the hybrid system behaves like the plasmonic moiety. At longer timescales, instead, 

unique dynamics are found, strongly dependent on the coupling regime. 

Preliminary signatures of coherent dynamics between the states have also been 

found. The obtained results allow drawing essential guidelines to learn how to 

tune the photophysical and dynamic behavior of these nanomaterials by modifying 

the experimental parameters involved in their preparation. 

The results reported in this Thesis represent an essential step toward developing 

functional supramolecular materials for quantum-nano-photonic applications. 
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Introduction 

This Thesis originates from the interest in studying the coupling between light 

and matter, which is the subject of intense research activity for the possibility of 

obtaining devices capable of controlling this particular interaction. The coupling 

with a light field can significantly modify the properties of the matter system and 

numerous applications arise in light-emitting devices, sensing, plasmonic 

switching and lasing, quantum information processing, and artificial light 

harvesting.1,2 

In our laboratories, we study new hybrid states known as plexcitons, obtained by 

the coupling between plasmons and molecular excitations and extremely 

promising for their dynamic and energy transport properties. However, the 

photophysics of these states is still in many ways unknown, and their study is one 

of the scientific hot topics of this decade. 

To study plexcitonic nanosystems in a complete way, we initially dealt with the 

study of the theoretical basis of light-matter coupling and the coupling conditions 

necessary to obtain hybrids, which will be explained in the first part of this Thesis. 

Secondly, the analysis continued with the assembly of the nanohybrids. This task 

required (i) to identify the nanoparticles and the molecular moieties with the most 

suitable properties to establish a strong coupling regime and (ii) the optimization 

of all the experimental conditions to achieve this coupling in a controlled and 

reproducible way.  

Therefore, on the one hand, the synthesis procedure of the nanorods (NR) was 

optimized to obtain nanoparticles with properties suitable for making hybrids. In 

particular, the reproducibility of the experiments has been tested in order to obtain 

a valid procedure for further studies. On the other hand, several molecules capable 

of forming J-aggregates in solution have been considered as the organic 
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component and Pseudoisocyanine (1,1’diethyl-2,2’-cyanine) PIC has been finally 

selected. 

Once we identified the best plasmonic moiety (oxidized gold nanorods) and 

excitonic component (J-aggregates of the PIC molecule), we tested the 

experimental conditions necessary to achieve the plexcitonic nanohybrids. 

Particular attention has been devoted to verifying how it is possible to control the 

coupling by acting on experimental conditions such as concentration and 

detuning between the plasmonic and the excitonic resonances. 

Overall, it was possible to fully achieve the control of the synthesis of the 

nanohybrids and we learned how to tune the system as needed, obtaining precisely 

the coupling conditions necessary for the specific application required.  

Finally, the optical and photophysical properties of the final nanohybrids have been 

analyzed and characterized in different coupling conditions. In particular, the 

ultrafast properties were investigated through ultrafast spectroscopy. Systems with 

different coupling strengths have been considered and a general description of the 

relaxation dynamics has been reached. Further in-depth studies are required to 

confirm these preliminary results, but the topic has been revealed to be particularly 

interesting and full of potential.  
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Part I: THEORETICAL BACKGROUND 

1. Description of the light-matter interaction 

The concept of light-matter interaction includes countless cases and, for this 

reason, it is difficult to find a description at the same time general and exhaustive. 

In general, from the classical point of view, we can say that the light-matter 

interaction occurs when an oscillating electromagnetic field resonantly interacts 

with charged particles in the matter. Quantum mechanically, light fields will act 

to couple quantum states of matter.3 One of the possible ways to control and tune 

the light-matter interaction is to couple matter systems (molecules, molecular 

aggregates, inorganic materials) generally defined as Quantum Emitters (QE) with 

cavities, which are resonant systems4. As we will see below, even plasmonic 

nanoparticles behave like cavities. They are characterized by plasmonic states, 

which are coherent oscillations of electrons, and for this reason they are also called 

light-matter dressed states.1,5–9 In particular, in this Thesis, the attention is focused 

on nanohybrid systems where the cavity is a plasmonic nanoparticle and the QE is 

a molecular aggregate characterized by excitonic states.10–15 

The description of these systems depends on the strength of the interaction 

between light and matter, i.e., between plasmons and excitons, which can be 

roughly classified into weak and strong coupling regime.  

As it will be discussed later in more detail, this classification is determined by the 

relative ratio between the value of coupling g between the plasmonic medium and 

the molecule, the dissipation rate of the molecule  and the (radiative and non-

radiative) dissipation rate of the plasmon .16 

In the case of weak coupling, the plasmon and the exciton maintain their 

individual properties and the optical response of the excited molecule can be either 

enhanced or suppressed through the so-called Purcell effect4,17. This regime, 
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widely documented in the literature for plasmonic materials, will not be 

investigated further in this work. 

On the other hand, when g overcomes  and , the system enters the strong 

coupling regime where g promotes the formation of hybrid states, called 

plexcitons. 16,18 In this regime, the excited molecule exchanges energy coherently 

with the plasmonic system faster than any other decay process.13,17,19,20 It is expected 

that this coherent coupling alters the properties of both molecules and plasmons. 

These states have been extensively studied for the propagating surface plasmon 

polaritons of metal surfaces.21–25 More recently, strongly coupled plasmon-exciton 

states have also been identified for the localized surface plasmon resonances of 

particles.26 

To describe the formation of these hybrid states and their properties it is necessary 

to use a quantum mechanical description, referring to the simplest and more 

general model of a two-level QE that interacts with a single mode of the 

electromagnetic field19. For this system it is possible to write a Hamiltonian that 

includes contributions from the QE (𝐻𝑄𝐸), the cavity (𝐻𝐶), and their interaction 

(𝐻𝑖𝑛𝑡). It is also convenient to express these contributions in the rotating wave 

approximation and through the Jaynes-Cummings Hamiltonian, from which (Eq 

1.1) is retrieved:3,17,19,27 

𝐻 = 𝐻𝐶 + 𝐻𝑄𝐸 + 𝐻𝑖𝑛𝑡 =  

= ћ𝜔𝐶𝑎+𝑎− + ћ𝜔𝑄𝐸  |𝑒⟩⟨𝑒|  + ћ𝑔( |𝑔⟩⟨𝑒| 𝑎+ +  |𝑒⟩⟨𝑔| 𝑎−) 
Eq 1.1 

with |𝑔⟩ and |𝑒⟩ the ground and excited states of the QE, 𝑎+ and 𝑎− the creation 

and annihilation operators of the electromagnetic mode and 𝑔 is the coupling 

strength. When the coupling described by 𝐻𝑖𝑛𝑡 is strong enough not to be 

considered a simple perturbation, then the diagonalization of the Hamiltonian lead 

to the formation of two new eigenstates, called upper and lower polaritons (UP 

and LP, respectively) as shown in Figure 1.1a. The resulting eigenfrequencies are:27  
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𝜔± =
𝜔𝐶 + 𝜔𝑄𝐸

2
± √

𝛿2

4
+ 𝑔2 Eq 1.2 

where 𝛿 = 𝜔𝐶 − 𝜔𝑄𝐸 is called the detuning between the light and the matter states. 

Hypothesizing to change 𝜔𝐶, the detuning 𝛿 changes accordingly. The 

dependence of the UP and LP energies (ћω) on the detuning is shown in Figure 

1.1b.1 

The dashed lines represent the behaviour of the uncoupled light and matter when 

no coupling occurs. On the contrary, in strong coupling conditions, the trend is 

completely changed. Far away from the resonance (𝛿=0), the energies of the 

uncoupled moieties are practically unchanged. Instead, a so-called avoided 

crossing behavior is observed near the crossing point (of the non-coupled curves), 

where there is no detuning.13,25,28–32 The energy separation between the states at 

this point is called Rabi splitting, 𝛺𝑅. 

 
Figure 1.1 a) Schematic representation of the energy levels in the hybrid nanostructure, showing 
the formation of new hybrid polaritonic states separated by the Rabi splitting ћΩR. b) 
Eigenenergies ћ𝜔+ and ћ𝜔− of the coupled system plotted as a function of the detuning (orange 
lines). The blue dotted lines represent the energies of the uncoupled cavity and QE.33 Adapted 
from references (19) and (9). 

 

The following eigenstates are found: 

|+⟩ = sin(𝜗0) |𝑔, 1⟩ + cos(𝜗0) |𝑒, 0⟩ Eq 1.3 
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|−⟩ = cos(𝜗0) |𝑔, 1⟩ − sin(𝜗0) |𝑒, 0⟩ Eq 1.4 

where sin(𝜗0) and cos(𝜗0) are defined as follows in Eq 1.5. 

sin(𝜗0) =
2𝑔

√(𝑅0 − 𝛿)2 + 4𝑔2
 Eq 1.5a 

cos(𝜗0) =
𝑅0 − 𝛿

√(𝑅0 − 𝛿)2 + 4𝑔2
 Eq 1.5b 

𝑅0 = √𝛿2 + 4𝑔2 Eq 1.5c 

The two eigenstates are linear combinations of light and matter states19. In resonant 

conditions and therefore when the transition frequencies of the QE and the cavity 

match, the polariton can be described as a hybrid state with half matter and half 

light character19. The eigenstates become Eq 1.6 and Eq 1.7: 

|+⟩ =
1

√2
(|𝑔, 1⟩ + |𝑒, 0⟩) Eq 1.6 

|−⟩ =
1

√2
(|𝑔, 1⟩ − |𝑒, 0⟩) Eq 1.7 

These two states are no more independent,  and the evolution of the system over 

time is given by Eq 1.8 from which it is possible to calculate the probability 

associated with the excitonic and plasmonic states ( 𝑃𝑒 in Eq 1.9 and 𝑃𝑔 in Eq 1.10, 

respectively):13  

|Ψ(𝑡)⟩ = cos (
Ω𝑅𝑡

2
) |𝑔, 1⟩ − 𝑖 sin (

Ω𝑅𝑡

2
) |𝑒, 0⟩ Eq 1.8 

𝑃𝑒 = |⟨𝑒, 0|Ψ(𝑡)⟩|2 =
1 + cos(Ω𝑅𝑡)

2
 Eq 1.9 

𝑃𝑔 = |⟨𝑔, 1|Ψ(𝑡)⟩|2 =
1 − cos(Ω𝑅𝑡)

2
 Eq 1.10 

The results are plotted in Figure 1.2 and show that there is a coherent exchange of 

energy between the cavity and the QE with a frequency that corresponds exactly 

to the Rabi frequency. 13,17,19,20,33 
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Figure 1.2 Occupancy probabilities 𝑃𝑒 and 𝑃𝑔 as a function of time. Reprinted from ref. ( 33). 

 

The description until now has neglected the losses of the uncoupled systems but 

they must be introduced for a meaningful description of the system. To this aim, 

a complex transition frequency for both the QE and the cavity is defined (Eq. 1.11 

and Eq. 1.12): 

𝜔𝐶
′ = 𝜔𝐶 − 𝑖𝜅 Eq. 1.11 

𝜔𝑄𝐸
′ = 𝜔𝑄𝐸 − 𝑖𝛾 Eq. 1.12 

where 𝛾 and 𝜅, as defined before, are the dissipation rates of the molecular exciton 

and of the plasmon, respectively. 3,16,17 These two quantities can be estimated as the 

half-width at half maximum (HWHM) of the corresponding bands in the 

extinction spectra. 

The new complex eigenfrequencies and the Rabi splitting become: 

𝜔± =
𝜔𝐶 + 𝜔𝑄𝐸

2
−

𝑖

2
(𝛾 + 𝜅) +

1

2
√4𝑔2 + (𝛿 − 𝑖(𝛾 − 𝜅)2) Eq. 1.13 

Ω𝑅 = √4𝑔2 − (𝛾 − 𝜅)2 . Eq. 1.14 

To distinguish the strong coupling regime from ‘less strong’ intermediate regimes, 

the following conditions can be introduced: 

2𝑔 < |𝛾 − 𝜅| Eq. 1.15 
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𝛺𝑅 > 𝛾 + 𝜅 Eq. 1.16 

Eq. 1.15 is obtained from Eq. 1.13 in conditions of zero detuning when the term 

under the square root is positive. This equation illustrates what is defined as the 

‘condition of existence’ of the polaritons. However, this condition alone is not 

sufficient to ensure that the new polariton states can be resolved one from the 

other. This is what is described in Eq. 1.16, which requires that the Rabi splitting 

𝛺𝑅 exceeds the polariton full width at half-maximum, i.e., the polaritonic branches 

can be spectroscopically resolved.19 

Finally, it can be proved13,17,19 that the coupling strength is inversely proportional 

to the square root of the effective volume 𝑉 of the cavity, and its value is enhanced 

by a factor √𝑁 when considering 𝑁 QEs coupled to the same cavity (as the 

excitation is shared among them). These remarks, synthesized in Eq. 1.17, are 

useful for the following discussion and for the evaluation of the best systems to be 

chosen for our analyses (see Chapter 2 and Section 10.2.1). 

𝑔 ∝ √
𝑁

𝑉
 Eq. 1.17 

 

2. Plexcitons: hybrid states originating from the 

coupling of plasmons and excitons 

In our analyses, the light-matter interaction is investigated in new hybrid states 

known as plexcitons, in which the coupling is realized between two quasi-particles 

that are plasmon and exciton. Plexcitons are a particular example of polarons where 

indeed the cavity is represented by a plasmonic resonance. Moreover, in our 

specific case, the excitonic moiety is represented by J-aggregates of dye molecules. 

These molecules have the property to form highly ordered head-to-tail clusters 

whose spectroscopic features are completely different from the monomeric form11. 
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In particular, their absorption spectrum is dominated by a characteristic very 

narrow and symmetric absorption peak, red-shifted (towards longer wavelengths) 

with respect to the monomeric band. Since the linewidth is related to the relaxation 

rate of the excited state 𝛾 16, these materials are particularly interesting for the 

achievement of strong coupling systems (see Eq. 1.16 for the strong coupling 

condition). For this reason, they have been used as QEs for a long time in this 

research field. On the other side, since plasmons are collective oscillations of free 

electrons in metals5, a plasmonic material, like a plasmon nanoparticle and in our 

case the gold nanorods, plays the role of the cavity. In general nanoparticles have 

a relaxation decay 𝜅 significantly higher than excitons’ 𝛾.  

Nonetheless, because of their nanometric dimensions, they have the advantage of 

a very small effective volume 𝑉 (a few orders of magnitude smaller than the optical 

cavities), which favors an increased coupling strength (see Eq. 1.17). This feature, 

in addition to their low cost of production, good stability and scalability, makes 

them particularly suited in the quest for strongly coupled plexcitonic materials.34,35 

Moreover, for this research project, gold nanorods have been chosen as plasmonic 

moieties for the particular properties of their plasmon resonances. In fact, as the 

nanorods have two dimensions (the length and the width), their absorption spectra 

are characterized by the presence of two plasmonic bands: the so-called ‘transverse’ 

peak falls at lower wavelengths (generally around 525 nm) and originates from a 

mode perpendicular to the long axis, while the ‘longitudinal’ peak depends on a 

plasmon oscillation parallel to the long axis and falls at longer wavelengths strictly 

dependent on the aspect ratio of the two dimensions 5.  

The wavelength of the longitudinal peak can be easily tuned by modulating the 

dimensions and the aspect ratio of the nanorods. This is an additional relevant 

advantage of these nanoparticles because they allow fulfilling the resonant 

condition and therefore a possible strong coupling with different J-aggregates. 
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Lastly, the metal-dye hybrid system is quite easily assembled through 

supramolecular coupling methodologies. Spontaneous aggregation of the dye 

molecules is templated on the surface of the plasmon nanoparticles, as previously 

observed.36 

3. Outline of plexcitons dynamics 

Ultrafast time-resolved techniques, like the pump and probe spectroscopy (see 

Chapter 8), have only recently started to be applied for the study of the dynamics 

of these completely new systems. A thorough understanding of the relaxation 

phenomena is prevented by the complexity of the hybrid electronic states involved. 

In addition, the lack of a clear and exhaustive definition of the different coupling 

regimes makes the discussion more challenging and, as a consequence, the 

interpretation of the dynamic phenomena is much-debated. 

What is generally emerging from the first preliminary studies is that typically UP 

dynamics is expected to be faster than the LP7,25,37–39 that is considered “intrinsically 

long-lived”39,40. In addition, longer lifetimes for both upper and lower polariton 

are found for systems where the coupling strength is increased. 25,37 

Several hypotheses have been proposed to justify these phenomena. The most 

likely is to invoke a significant role of dark states, which might contribute to the 

relaxation processes from the UP to LP and/or to the redistribution of populations 

among them. 7,19,39,41 However, the most important evidence emerging from the 

growing body of time-resolved studies is that the variability of coupled 

nanosystems and the wide wealth of different measurement conditions make a 

unified picture extremely complicated. One of the aims of this Thesis is indeed to 

provide a contribution toward a better understanding of this complicated matter.  
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Part II: EXPERIMENTAL METHODOLOGIES 

All the solvents and reactants were obtained from Sigma-Aldrich (Merck KGaA, 

Darmstadt, Germany) and used as received without further purification. 

Cy78 and TDBC were purchased from Few Chemicals, and PIC was obtained 

from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The dyes were used 

without further purification. 

4. Nanorods (NR) preparation 

In a water bath at 27-30 °C, at first 4.92 µL of HAuCl4 (253.9 mM) and 20 µL of 

MilliQ-water are added to 4.7 mL of CTAB (Cetyl Trimethyl Ammonium 

Bromide, see Figure 4.1) solution (100 mM) and stirred until the dissolution of the 

gold. Then, 300 µL of NaBH4 solution (10 mM) are rapidly injected under 

vigorous stirring: the solution color changes almost immediately from a deep 

yellow to a light brown color indicating the reduction of metallic gold. The seeds 

are stored between 27 and 30 °C for two hours and then will be used for the 

synthesis of single crystal Au nanorods in the ensuing growth step. 

N
+

Br
–

 

Figure 4.1 Molecular structure of CTAB. 

Another solution (the growth solution) is prepared using 10 mL of CTAB solution 

(100 mM), 190 µL of HCl solution (1M), 19.7 µL of HAuCl4 solution (253.9 mM) 

and 80 µL of MilliQ water and stirred to dissolve the chloroauric acid. 120 µL of 

AgNO3 solution (10 mM) are then mixed with this solution, and then 100 µL of 

ascorbic acid solution (100 mM) are added while gently stirring. The color of the 

solution changes from pale yellow to colorless. Finally, 24 µL of the seed solution 

previously made are added, and the growth solution is shaken for 30 minutes and 

then left undisturbed overnight. The next morning the solutions of as-prepared 
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nanorods are centrifuged at 8000 rpm for 30 min, redispersed in 1.5 mL of MilliQ 

water, centrifuged again at 14000 rpm for 6 min and redispersed in 1.5 mL. 

For the oxidation step, Au3+-CTAB complex ([Au] = 1mM , [CTAB] = 100 mM) 

is added dropwise (0.1 mL/min) under magnetic stirring into the vial containing 

the initial gold nanorods ([Au]=0.5 mM, [CTAB] = 100 mM). The solutions are 

allowed to react at 30°C for 1 h (under stirring for the first 30 min). Then, the 

solutions are centrifuged twice (9000 rpm, 40 min) to remove excess gold salt and 

redispersed in 1.5 mL of milliQ water the first time and in 1 mL of CTAB 15mM 

the second one. 

5. Synthesis of the nanohybrids 

Hybrid structures of Au NRs and J-aggregates are produced by adding different 

amounts of dye solution to 500 µL of an aqueous dispersion of the gold NRs in 

CTAB, as summarized in Table 5.1. The concentration of the initial solution of 

nanorods is such that the longitudinal peak has an extinction value of 1. For the 

concentration trend and the samples “very strong”, “strong” and “intermediate” 

described below (Sections 10.2.1 and 11.3), the amounts of PIC solution in Table 

10.1 and 11.2 were added. The solutions are stored overnight, protected from the 

light, and centrifuged the following day (5 min, 4500 rpm). The precipitates are 

then redispersed in 0.5 mL of MilliQ water. 

 

Table 5.1. Volumes of dye solution for the preparation of the nanohybrids samples. 

Dye Concentration of the solution  Addition (µL) 

PIC 69.07 µM 50  

TDBC 1 mM 100  

Cy78 1 mM 100  
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6. TEM analyses 

TEM analysis was performed with a Jeol 300 PX electron microscope and the 

collected images were analyzed with ImageJ software. The results are reported in 

Figures 9.3, 9.6, 9.7 and Table 9.1. 

7. Extinction spectra 

Extinction spectra were recorded with a Cary 5000 spectrophotometer. 

8. Pump-probe technique 

8.1 Description of the experiment 

Transient absorption spectra are measured by pump and probe spectroscopy. The 

technique measures the response of the nanomaterials under the action of two laser 

pulses, spatially crossed on the sample: the pump, which has the stronger intensity, 

and the probe, which arrives on the sample at different delay times with respect to 

the pump. The measured signal is the difference ∆𝐼(𝑡) between the intensity of the 

probe beam after application of the pump (𝐼𝑃(𝑡)) and the probe beam alone 

(𝐼𝑁𝑃(−∞)) as a function of the time delay t between the pump and the probe pulses. 

This differential intensity is then normalized for 𝐼𝑁𝑃(−∞) to obtain the differential 

transmittance ∆𝑇(𝑡):42 

∆𝑇(𝑡) =
∆𝐼(𝑡)

𝐼𝑁𝑃(−∞)
=

𝐼𝑃(𝑡) − 𝐼𝑁𝑃(−∞)

𝐼𝑁𝑃(−∞)
 Eq. 8.1 

The pump and the probe pulses can be monochromatic pulses at the same 

wavelength (‘one-color’ pump-probe) or they can have different wavelengths 

(‘two-colors’ pump-probe). Often, as in our case, the probe is a white light 

continuum containing all the spectral components in the Vis range. In this case, 

the differential intensity signal can be measured as a function of the time delay t 

and of the probe wavelength 𝜆:  ∆𝐼(𝜆, 𝑡). In these conditions, the signal is reported 

in terms of differential absorption ∆𝐴(𝑡, 𝜆): 
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∆𝐴(𝑡, 𝜆) = − log
𝐼𝑃(𝑡, 𝜆)

𝐼𝑁𝑃(−∞, 𝜆)
= 𝐴𝑃(𝑡, 𝜆) − 𝐴𝑁𝑃(−∞, 𝜆) Eq.8.2 

Transient absorption (TA) spectra can thus be drawn by plotting the differential 

absorption ∆𝐴(𝑡, 𝜆) as a function of the probe wavelength 𝜆 at a fixed value of the time 

delay 𝑡 after pump excitation.   

 
Figure 8.1 Excitation geometry (upper line) and pulse sequence (lower line) for a pump−probe 
experiment. Adapted from ref (43). 

In the simple case of a sample with two energy levels, ground (g) and excited (e), 

and under the hypothesis that the pump and the probe beams are in resonance with 

the transition g → e, it is easy to understand that the expected dynamics of the signal 

as a function of t will follow the behavior schematized in Figure 8.2. 

When the pump pulse excites the sample, some molecules are promoted from the 

ground state to the excited state (red arrow). This means that the concentration of 

ground-state molecules decreases, and part of the ground state absorption signal 

disappears. Therefore, at the wavelengths of ground state absorption, the 

absorption difference becomes negative because the transmitted signal intensity in 

the presence of the pump (IP) is higher than the intensity measured without the 

pump (INP) (i.e., the transmittance is increased in the presence of the pump). The 

spectral shape of this negative contribution follows the profile of the ground state 

absorption spectrum. This contribution to the differential absorption signal is 

called ground state bleaching (GSB). Over time, this signal will decay following the 
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relaxation dynamics of the excited molecules that return to the original ground 

state.  

 
Figure 8.2 Time evolution of a two-level system addressed in a pump and probe experiment 
(upper line) and the resulting signal output measured as a function of the delay time between 
pump and probe pulses (lower line). Reprinted from reference (9). 

 

Even if only the GSB is analyzed in the following discussion, two other 

phenomena are worth to be described: Stimulated Emission (SE) and Excited State 

Absorption (ESA). The SE arises when the probe pulse finds some of the molecules 

in the excited state, and the photons of the probe pulse stimulate the emission of 

the sample molecules (pink arrow in Figure 8.3a). Also in this case a negative signal 

is recorded because an additional photon is emitted and the transmitted signal in 

the presence of the pump is higher than the signal without the pump. ESA (Figure 

8.3b) is a process that can occur for systems with more than one available excited 

state when the probe beam causes a further excitation from a first excited state to 

the next. In this case, the enhanced absorption (i.e., reduced transmittance) leads 

to a positive signal in the TA spectrum. 
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Figure 8.3 Sketch of a) stimulated emission and b) excited state absorption. Reprinted from 
reference (9). 

 

8.2 Optical setup 

The home-built pump and probe setup used for the measures reported in this 

Thesis is described in Figure 8.4. 

 

Figure 8.4 Pump and probe setup built in our laboratories. Reprinted from reference (44). 
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The pump and probe beams are generated by an amplified Ti:Sapphire laser 

(Spitfire, Spectra Physics) seeded by a femtosecond pulsed Ti:Sapphire oscillator 

(Mai-Tai, Spectra Physics). The laser pulses are emitted at 800 nm, with an energy 

of 0.8 mJ per pulse, a repetition rate of 1 kHz, and a 160 fs pulse duration. The 

output laser beam is split by a 4% beam splitter into two paths. The weaker one 

generates a super-continuum white light in a thin sapphire plate and is used as the 

probe. The pump pulse at 400 nm is obtained via second harmonic generation in 

a BBO thin crystal. The pump fluence is tuned from 170 to 900 μJ/cm2 using 

neutral OD filters and its repetition rate is halved to 500Hz through an optical 

chopper. The time delay between the pump and the probe pulses is modulated by 

a movable delay line inserted in the probe pathway. 

The collimated pump pulse and the focused probe pulse are spatially overlapped 

on the sample. In the overlap region, the pump beam diameter is about 50-70 μm 

and the probe 20-30 μm. This configuration guarantees that possible small 

misalignments of the probe beam caused by the motion of the delay line do not 

cause artifacts in the final TA signal. After the sample, the transmitted probe light 

is dispersed and directed to a linear CMOS diode array. The quality of the TA 

signal, i.e., the differential absorption ∆𝐴(𝑡, 𝜆), is improved through repeated 

measurements and averaging (150-200 measurements were averaged to obtain a 

sufficient signal-to-noise ratio). The obtained spectra are numerically processed to 

minimize white light chirping effects, by using a home-made Matlab routine. 

8.3 Fitting models 

For the fitting of the TA measurements, at least three decay traces in the region of 

interest are selected and fitted with a global fit with shared time constants. In the 

analysis, different fitting models have been considered for different samples to 

account for the diverse nature of the involved states and dynamic processes. The 



18 

following equations have been used for the analysis performed on the samples and 

the results are discussed in Chapter 11. 

For the J-aggregates of the PIC molecule, a three exponentials model decay is used: 

∆𝐴(𝑡) = ∆𝐴0 + 𝐴1𝑒
−

𝑡

𝜏1 + 𝐴2𝑒
−

𝑡

𝜏2 + 𝐴3𝑒
−

𝑡

𝜏3  Eq. 8.3 

where Δ𝐴0 is the background value at longer times, 𝜏𝑖 the different time constants 

and 𝐴𝑖 their corresponding pre-exponential factors. 

For the uncoupled nanorods samples and plexcitonic nanohybrids, a more complex 

model has been used to take into account the different nature of the relaxation 

phenomena, in agreement with the previous literature:45 

∆𝐴 = ∆𝐴0 + 𝐴0 ∗ (1 − 𝑒
−

𝑡

𝜏𝑖,1) ∗ 𝑒
−

𝑡

𝜏𝑖,2 + 𝐴2 ∗ (1 − 𝑒
−

𝑡

𝜏𝑖,1) ∗ 𝑒
−

𝑡

𝜏𝑖,3  Eq. 8.4 
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Part III: RESULTS AND DISCUSSION 

9. Optimization of the synthetic procedures and 

characterization of gold nanorods 

9.1 Optimization of the NR synthesis procedure 

Gold nanorods were synthesized with a seed growth protocol46,47. The process 

requires three main steps, nucleation, growth, and oxidation, performed separately 

(see Chapter 4). Each one of these steps has been deeply analyzed in this research 

project in order to gain control over the experimental conditions and optimize the 

synthetic procedure so to obtain time to time NRs with the wanted properties. 

The first step – i.e., nucleation - provides the gold seeds, which can be described 

as very small nuclei made of gold representing the starting point of the nanorods’ 

growth. These small particles are obtained from the solution of HAuClO4 by 

adding an excess of the strong reducing agent NaBH4 so that all the Au3+ is reduced 

to Au0. The presence of CTAB in the solution is necessary for the stabilization of 

the particle and the following growth. 

Subsequently, in the growth step, the initially obtained seeds are enlarged, and the 

growth is performed with a solution containing again chloroauric acid and CTAB. 

Moreover, the ascorbic acid, acting as a weak reducing agent, is also added so that 

the chloroauric acid is reduced from Au3+ to Au+. When the seeds are added, the 

Au+ of the solutions carries out the growth of the seeds and progressively increases 

their size, being reduced to metallic gold on the surface of the seeds. Indeed, two 

possible mechanisms have been proposed: a disproportionation reaction of Au+ 

(Eq. 9.1) catalyzed by the seeds, with the subsequent reduction of the new Au3+ 

caused by the remaining ascorbic acid, or a reduction of Au+ catalyzed by the 

metallic gold of the seeds which drains electrons from the reductant.46 

𝐴𝑢3+ + 2𝐴𝑢0 ⟶ 3𝐴𝑢1+ Eq. 9.1 
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In addition, a low quantity of HCl is necessary to maintain an acid pH and make 

the ascorbic acid act as a reducing agent, while small amounts of CTAB and 

AgNO3 are required to obtain the rod shape. In particular, CTAB provides the 

rod-like micelle forcing the seeds to an anisotropic growth. Similarly, it is proven 

that AgNO3 is indispensable for reaching the rod shape, as in its absence no 

nanorods are formed46. In this case, the mechanism is still not clear8,46. Although a 

more detailed description is beyond the scope of this Thesis, some hypotheses have 

been proposed8,46–51. Two of the more accredited are that a silver-bromide 

interaction could modify the CTAB micelle to favor the rod shape or act as a face-

specific capping agent. 

As previously explained (Chapter 1), obtaining the strong coupling conditions in 

the nanohybrids synthesis is the scope of our research. This task requires the 

fulfillment of the zero-detuning condition, that is the coincidence between the 

energies of the nanoparticles plasmon and molecular excited states (consequently, 

the absorption band of the J-aggregates and the longitudinal peak of the nanorods 

must fall at the same wavelengths). Moreover, we are interested in characterizing 

the hybrid systems at several detuning conditions, which implies the capability to 

tune the position of the nanorods’ longitudinal plasmon resonance.  

The pristine nanorods obtained from the synthesis described above have a 

longitudinal plasmon peak at approximately 700 nm while the aggregate band 

position is at 574 nm. Therefore, the next step was to find a procedure to prepare 

nanorod samples with a blue-shifted longitudinal peak (i.e., falling at shorter 

wavelengths), corresponding to nanorods with a reduced aspect ratio (see Chapter 

2). 

For this purpose, the so-called oxidation step is employed, as suggested by the 

literature28,38,52. The reaction requires the addition of small amounts of HAuClO4 

to the nanorods solution, in the presence of CTAB. The mechanism is quite simple 

and employs again the comproportionation between Au3+ and Au0 (Eq. 9.1): the 
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metallic gold on the nanoparticle surface is oxidized to Au1+ because of the presence 

of Au3+ and the nanorods are shortened. The reaction is favored by the presence of 

CTAB, which changes the equilibrium constants thanks to the binding with 

AuCl4‾. In addition, the oxidation process is selective for the surface sites with a 

higher curvature52 and occurs preferentially at the tips of the nanorods. As a result, 

the nanorods get reduced only along their longer dimension.  

9.2 Optimization of the growth step 

By comparing the procedures described in the literature8,46,48–50,53,54, modifications 

of the aging time of the solutions before the centrifugation and of the 

concentrations of Ag+, ascorbic acid and the amount of seeds are evaluated and 

finally the protocol previously described is chosen (Chapter 5). In Table 9.1, we 

report as example how it is possible to modify the longitudinal plasmon 

wavelength by varying the amount of injected seed solution and the aging time. 

We found that indeed the aging time is the dominant factor in our protocols. 

Table 9.1 Nanorods’ samples synthesized with different volumes of seed solution and different 
aging times: the longitudinal peak is modified according to the different conditions. 

Volume of seed 

solution (µL) 

Longitudinal extinction peak wavelength (nm) 

Aging time: 2 hours Aging time: overnight 

24 NR_4b: 764 NR_4f: 779 

50 NR_4c: 760 NR_4g: 776 

100 NR_4d: 771 NR_4h: 790 

 

As the extinction spectra are the first way to check the outcome of the synthesis, 

an initial assessment of the extinction spectra of the non-oxidized samples is made 

(Figure 9.1a). 

First of all, the presence of the two characteristic plasmon bands is an unequivocal 

sign of nanorods formation: while the transverse plasmon peak has a lower 

intensity and a quite fixed position at 525 nm, the longitudinal one is more intense 
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and its position depends on the aspect ratio of the two dimensions of the nanorod 

(and therefore it is a useful parameter for an estimation of the nanorods’ sizes). 

It can be noticed that the chosen protocol lets the production of nanorods with a 

longitudinal peak at approximately 700 nm, with a ratio between the two 

plasmons’ peak intensities of about 3-5, which is comparable with the literature 

value46, and no or irrelevant shoulder on the transverse plasmon band. According 

to the literature, these two parameters are good indicators of the good quality of 

the synthetized NRs (Figure 9.1b).46 Another important information that can be 

extracted from the extinction spectra is the size dispersion. Indeed, when a low size 

dispersion is obtained, the longitudinal plasmon band is symmetrical and should 

present a small full width at half maximum (FWHM). 

 
Figure 9.1 a) Comparison between the extinction spectra of selected nanorods prepared using the 
experimental conditions reported in Table 9.1.  b) The definition of the quality  parameters as 
reported in the literature ( reproduced from reference (46)). 

 

The process is quite reproducible. Different solutions of nanorods prepared by 

starting from the same seed solution through separate growth steps on the same 

day are characterized by very similar extinction spectra (Figure 9.2a). It is worth 

pointing out that the reproducibility of the overall synthetic process strongly 

depends on the initial seed solution. Indeed, nanorods synthesized starting from 



23 

seed solutions prepared on different days present slightly different longitudinal 

plasmon peaks. (Figure 9.2b) 

 
Figure 9.2 a) Extinction spectra of the nanorods NR_1a, NR_1b, NR_1c, synthesized on the 
same day. b) Extinction spectra of some nanorods prepared on different days and with different 
seed solutions: the spectra are slightly different. 

 

The TEM analysis confirmed the preliminary findings deduced from the 

extinction spectra (Figure 9.3).  
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Figure 9.3 a) Extinction spectra of the samples NR_14b and NR_14c, synthesized on the same 
day. b) and c) TEM images of the nanorods NR_14c and NR_14b, respectively. d) and e) 
Histograms showing the average dimensions (length, width and aspect ratio) of the samples 
NR_14c and NR_14b. 

 

9.3 Characterization of the oxidized nanorods 

The extinction spectra of some oxidized samples compared with the spectrum of 

the initial pristine nanorod sample from which they were obtained are shown in 

Figure 9.4. 

The first information one could obtain from the analysis of the spectra is a rough 

estimate of the concentration of the sample from the value of the extinction at 400 

nm. Indeed, it is known that an absorbance of 1.2 at 400 nm corresponds to [Au0] 

= 0.5 mM46.  
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Figure 9.4 a) Extinction spectra of the non-oxidized nanorods (NR_14b) and their oxidized 
samples. 

 

Table 9.2 Experimental parameters of the oxidation process of the nanorods: [Au3+] concentration 
used for the procedure, peak wavelengths of transverse and longitudinal plasmons,  and average 
dimensions (length, width and the corresponding aspect ratio) of the samples. The dimensions are 
calculated by analyzing the TEM images with ImageJ software (Chapter 6). 

 

As expected, we found that the blue shift of the longitudinal plasmon peak of the 

oxidized samples could be enhanced by increasing the amount of Au3+ added. The 

obtained trend is summarized in Table 9.2. 

Sample 

Au3+ 

concentration 

(mM) 

Peak wavelength (nm) 
Length 

(nm) 

Width 

(nm) 

Aspect 

Ratio Transverse Longitudinal 

NR_14b 0 515 706 77.6 ± 8.5 28.1 ± 4.8 2.71 ± 0.58 

Ox_20b 0.0260 515 647 69.9 ± 8.5 29.8 ± 4.4 2.41 ± 0.36 

Ox_20c 0.0477 517 630 66.1 ± 8.4 30.5 ± 4.2 2.201 ± 0.251 

Ox_20d 0.0627 518 613 56.1 ± 9.7 30.9 ± 4.1 1.835 ± 0.191 

Ox_20e 0.0771 518 599 55.0 ± 11.3 30.0 ± 4.5 1.895 ± 0.241 

Ox_17b 0.0969 520 595 57.1 ± 8.8 30.4 ± 4.5 1.858 ± 0.183 

Ox_17a 0.1245 525 570 49.7 ± 8.7 30.8 ± 3.5 1.619 ± 0.182 
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Analogously, the TEM analyses show that proceeding with the oxidation (i.e., 

increasing the concentration of Au3+ in the reaction mixture), the oxidized samples 

progressively reduced their length, while the width remains substantially 

unchanged (see Figure 9.5a). The same trend is recognizable looking at the 

longitudinal peak energy shown in Figure 9.5b. 

 
Figure 9.5 Comparison between the dimensions of the oxidized samples (length and width) as  a 
function of the concentration of Au3+(a) and the energy of the longitudinal peak (b). 

 

The most oxidized sample can still be considered a nanorods sample because it has 

the same shape as the initial nanoparticles except for more rounded tips (see Figure 

9.6). Indeed, it may be noticed that the oxidation actually proceeds from the tips, 

especially starting from the angles, confirming the suggested hypothesis of 

selectivity dependence on higher curvature sites. 
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Figure 9.6 TEM images of the nanorods: non oxidized nanorods (samples NR_14c and 
NR_14b) in the brown frame; oxidized Ox_20b, Ox_20c, Ox_20d, Ox_20e, Ox_17b samples 
in the blue and violet frame; in the purple frame the most oxidized samples Ox_17a and Ox_16a. 

 

As for the initial nanorods, oxidized samples prepared from different batches of 

synthesis have similar dimensions if their extinction spectra show longitudinal 

peaks at approximately the same position (Figure 9.7a). 
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Figure 9.7 a) Extinction spectra of the samples Ox_17a and Ox_16a and their TEM images, b) 
and c), respectively. d) and e) Histograms showing the average dimensions (length, width and 
aspect ratio) of the samples. 

 

From these observations and based on the data reported in Table 9.1, it should be 

possible to predict the oxidation trend and set the experimental conditions so to 

obtain the nanorods with a longitudinal plasmon peak at the exactly wanted 

wavelength. However, we found that this is not fully possible. Indeed, although a 

predictable behavior is always found for nanorods synthesized on the same day (we 

found a linear dependence of the plasmon resonance wavelength as a function of 

the oxidizing species Au3+, Figure 9.8), no common trend was found for nanorods 

prepared in different days, suggesting a non-fully controllable dependence on the 

initial conditions of synthesis. To explain this behavior, it is hypothesized that the 
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most relevant aspect may be the presence of traces of by-products. Their 

unpredictable shape and quantity affect the oxidation yield of the nanorods in such 

a way that it is impossible to make any prediction. To overcome this issue, for each 

batch of synthesis we first performed an oxidation test, to identify the specific trend 

E vs [Au3+] for that specific sample. Then, this information was used to calibrate 

the experimental conditions in order to obtain nanorods with the wanted 

properties. 

 

 
Figure 9.8 Energy difference between the longitudinal peak in the non-oxidized nanorods and 
the longitudinal peak obtained after the oxidation (E) plotted as a function of the concentration 
of Au3+ employed in the oxidation step. Different colors (pink, blue, green) refer to nanorods 
synthetized starting from different seed solutions. 
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10. Synthesis and linear optical characterization of the 

plexcitonic hybrids 

10.1 Selection of the best molecules for nanohybrids formation 

As explained in Chapter 2, the hybrid nanosystems were assembled by promoting 

supramolecular interactions between the nanorods and the organic molecules. 

At first, three different cyanines (1,1-diethyl-2,2-cyanine (PIC), Cy78 and TDBC) 

were selected for the realization of the nanohybrids. Their molecular structure is 

reported in Figure 10.1. All the three molecules are known to form J-aggregates, 

and therefore, in principle, they should all be able to strongly couple with nanorods 

since the 𝛾 factor is expected to be favorable in all cases (see Equation 1.15 and 

Chapter 2). Nonetheless, the three molecules have different charges and shapes, 

and this can lead to different results in terms of supramolecular coupling. 

Looking at the molecular structure of the three molecules, shown in Figure 10.1, 

it is immediately evident that the PIC molecule has a positive charge and smaller 

dimensions; on the contrary, the TDBC and Cy78 molecules are anionic and 

occupy a bigger volume because of the bigger dimensions. 

 
Figure 10.1 Molecular structure of a) Cy78, b) PIC, c) TDBC. 

 

To check the capability of the three molecules to interact with the nanorods and 

form plexcitonic nanohybrids, a suitable amount of the cyanine solutions was 

added to solutions of nanorods. In order to achieve a meaningful comparison 



31 

between the performances of the three molecules, attention was paid to using the 

same conditions and adding the same amounts of molecules (see Chapter 5 and 

Table 5.1).  

To achieve the strongest possible coupling, the plasmonic and excitonic systems 

must fulfill the resonance conditions. Therefore, slightly different nanorod samples 

were used in combination with the three different cyanine molecules, so to have a 

longitudinal plasmon falling at the same wavelength as the absorption band of each 

cyanine J-aggregate (574 nm for the PIC, 590 for the TDBC and 620 for the 

Cy78). 

The formation of strongly coupled plexcitonic nanohybrids was then tested by 

recording the extinction spectra. Indeed, the formation of two new hybrid 

plexcitonic states (LP and UP) is manifested in the extinction spectra by the 

appearance of a dip in the broad plasmon resonance. This dip is the clear 

manifestation of an avoided crossing point (see Chapter 1, Figure 1.1), whose 

position in wavelength corresponds exactly with the J-aggregate excitonic 

resonance. The distance in energy between the two newly formed peaks can be 

used to estimate the Rabi splitting and the coupling (see Chapter 1). 1,19,30 

While no coupling is obtained with the TDBC J-aggregate, interesting results are 

achieved for the PIC and the Cy78 J-aggregates. In Figure 10.2, the extinction 

spectra of the hybrids are shown and compared with the spectra of the two non-

coupled constituents measured separately. 

The J-aggregate peaks of the two cyanines are at 574 and 618 nm, both almost in 

resonance with the two nanorods’ longitudinal peaks at 591 and 621 nm, 

respectively. In both spectra, the typical splitting of the longitudinal band of the 

gold nanoparticles is recognizable. These two split bands are associated with the 

formation of hybrid plexcitonic states1,19,30 and, as anticipated before, the splitting 

and the energy distance between these two bands reflect the strength of the 
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coupling. Thus, by comparing the spectra of the nanohybrids formed with PIC 

and Cy78, it can be noticed that in the first case a much stronger coupling could 

be obtained. This led to the choice of PIC for all the ensuing analyses and 

characterizations. 

 
Figure 10.2 Extinction spectra of the nanohybrids (blue lines) compared with their pristine 
nanorods (red and purple lines) and dye molecules (green curves). (a) Hy_591-PIC  and (b) 
Hy_621-Cy78, obtained using PIC and Cy78 molecules, respectively. 

 

10.2 Linear optical characterization 

As previously explained in Chapter 1, the strong coupling regime can be defined 

based on the Rabi splitting measured from the extinction spectra, which provide 

the first experimental proof of the formation of two hybrid plexcitonic states 1. 

Following the typical procedure documented in the literature14,28–31,55, to 

characterize the effective formation of plexcitonic hybrids, it is first necessary to 

perform an analysis of the trend of the Rabi splitting as a function of the added 

volume of molecules’ solution. This procedure leads to the evaluation of the 

coupling strength related to the number of molecules (often referred to as ‘the 

concentration trend’). 

Secondly, it is common to analyze also the ‘detuning trend’, which allows studying 

the trend of the Rabi splitting when the plasmon and exciton energies are out of 

resonance, and how the coupling conditions are modified by increasing the 

detuning between the plasmon and exciton states. 
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10.2.1 Concentration trend 

In order to verify the ‘concentration trend’, several plexcitonic systems are 

prepared using different amounts of PIC molecules by adding different volumes 

of a PIC solution 69 µM, as shown in Table 10.1. The extinction spectra of the 

resulting samples, before and after the centrifugation, are recorded and some of 

them are shown in Figure 10.3, where they are also compared with the spectra of 

nanorods and dye measured separately. In addition, in Figure 10.4 the added 

volume versus the calculated ΩR is plotted. In agreement with the literature, 

increasing the added volume of the dye molecules increases the coupling, until the 

strongest coupling conditions are reached.14,55 Furthermore, according to 

Equations 1.16 and 1.15, reported in Chapter 2, the limit of strong coupling (𝛺𝑅 >

𝛾 + 𝜅) and the limit of weak coupling (2𝑔 < |𝛾 − 𝜅|) are also indicated with pink 

and orange lines, respectively. From these results it is clear that the system can be 

tuned to obtain the required coupling condition by simply modifying the amount 

of PIC solution added. 

 

 
Figure 10.3 Extinction spectra of the nanohybrids synthesized with the experimental conditions 
reported in Table 10.1, before (a, red curves) and after (b, blue curves) centrifugation. In green the 
extinction spectra of the dye (PIC), in purple the bare nanorods. 
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Table 10.1 Study of the concentration trend: volume of PIC solution added for the nanohybrids 
synthesis and corresponding Rabi splitting as estimated from the extinction spectra. 

 

 

Figure 10.4 The Rabi splitting ΩR is plotted as a function of the added volume of dye molecules. 
The pink line represents the strong coupling limit condition (Eq. 1.16), the orange line the existence 
condition limit (Eq. 1.15). 

 

Sample 
Volume (µL) of PIC solution (69 

µM) added  
Rabi splitting ΩR (meV) 

Ox_17a 0 0 

Hy_18a 2 0 

Hy_18b 5 0 

Hy_18c 10 0 

Hy_18d 15 56 

Hy_18f 25 135 

Hy_18e 24 169 

Hy_19a 30 203 

Hy_19b 37 217 

Hy_19c 45 225 

Hy_18g 50 241 

Hy_19d 60 241 

Hy_19e 75 237 
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10.2.2 Detuning trend 

For the detuning trend, several hybrid samples are prepared, using the same 

volume of PIC solution (50 µL) added to different nanorod samples, as reported in 

Table 10.2. 

In Figure 10.5, the energy values of the upper and lower plexciton resonances are 

plotted as a function of the longitudinal plasmon peak. The resulting trend shows 

the characteristic plexcitonic anti-crossing behavior.13,14,28–31,55 At zero detuning the 

energy splitting assumes the minimum value, the two components are in 

resonance conditions and the crossing point is missing. As the detuning gets 

increased, the two peaks become more similar to the original signals of the non 

interacting nanorods and J-aggregates.13,14,28–31,55 

Table 10.2 Spectroscopic parameters emerging from the study of the detuning trend. The position 
of the plexcitonic resonances is compared with the position of the longitudinal peak of the bare 
nanorods for selected samples. 

Sample 
Longitudinal wavelength 

of the bare nanorods (nm) 

Upper plexcitonic 

resonance (nm) 

Lower plexcitonic 

resonance (nm) 

21a 704 709 575 

21b 647 656 568 

21c 630 642 565 

21d 613 617 573 

21e 600 621 556 

21f 591 616 553 
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Figure 10.5 a) Extinction spectra of the samples described in Table 10.2: in the top, the bare 
nanorods, in the middle the nanohybrids, in the bottom the dye molecule. b) The anticrossing 
beaviour of plexcitons (see Chapter 1): far away from the resonance, the energies of the uncoupled 
moieties are practically unchanged and are overlapped with the dashed lines describing the behavior 
of the pristine nanorods and J-aggregates. Instead, an avoided crossing behavior is observed near 
the crossing point (of the non-coupled curves), where there is no detuning (𝛿=0). 

 

11.  Non-linear optical characterization  

One of the aims of this Thesis was to characterize the dynamic properties of 

plexciton nanohybrids in the femtosecond time domain, comparing the behaviour 

of samples in different coupling conditions. This was achieved by measuring TA 

spectra by pump and probe spectroscopy. However, to be able to provide a correct 

interpretation of the dynamic behavior of the nanohybrids and clearly identify the 

unique features emerging only upon the establishment of strong coupling between 

the NR and the molecular dyes, the preliminary study of the dynamic behaviour 

of the uncoupled species (NRs and molecular J-aggregates) in the same 

experimental conditions is necessary. These data are taken as a reference for the 

investigations on plexciton systems. 
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11.1 Gold nanorods 

Transient absorption spectra of a selected sample of oxidized nanorods (sample 

Ox_25b, with extinction spectrum shown in Figure 11.1) are collected using three 

different values of pump fluences. 

 

Figure 11.1 Extinction spectrum of the oxidized nanorods Ox_25b with longitudinal peak at 
572 nm. 

The transient spectra at selected values of delay times are shown in Figure 11.2a. 

The spectra are dominated by two strong ground state bleaching (GSB) signals at 

527 and 574 nm, assigned to the two plasmon bands.  

The dynamics of the GSB recovery are followed at the wavelengths corresponding 

to the two plasmon peaks and shown in Figures 11.2d and 11.2e, for the 

longitudinal and transverse resonances, respectively. In agreement with the 

literature, we found three decay times for both the transverse and longitudinal 

peaks dynamics:  

i) an early rise of the transient bleach with a time constant τnr,1 (0.260±10% 

and 0.190±10% ps for the transverse and the longitudinal peak, 

respectively) is found to occur in a timescale comparable with the 

excitation pulse duration and assigned to electron-electron 

scattering8,56;  
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ii) a fast decay of a few picoseconds τnr,2 (2.66-7.69 ps for the transverse and 

2.12-5.78 ps for the longitudinal peak) is attributed to electron-phonon 

relaxation processes57–59;  

iii) a slow decay dominates the late time dynamics with a time constant of 

hundreds of picoseconds τnr,3 (286±10% and 329±10% ps), which is 

ascribed to the phonon-phonon relaxation from the particle to the 

surrounding solvent57–59. 

The kinetic constants found in three different conditions of pump fluence are 

reported in Table 11.1 and the plots summarizing all the data can be found in 

Figure 11.3. 

Table 11.1 Kinetic constants of the nanorod sample Ox_25b for the transverse and longitudinal 
peaks in different conditions of pump fluence. 

Pump fluence 

(µJ/cm2) 

τnr,1 (ps) 

Transverse peak decay time Longitudinal peak decay time 

170 0.426 ± 0.013 0.237 ± 0.009 

394 0.284 ± 0.008 0.198 ± 0.006 

888 0.188 ± 0.007 0.166 ± 0.005 

τnr,2 (ps) 

 Transverse peak decay time Longitudinal peak decay time 

170 2.74 ± 0.04 2.14 ± 0.03 

394 3.72 ± 0.04 2.83 ± 0.03 

888 7.69 ± 0.12 5.78 ± 0.06 

τnr,3 (ps) 

 Transverse peak decay time Longitudinal peak decay time 

170 354 ± 34 415 ± 57 

394 320 ± 22 519 ± 46 

888 335 ± 17 582 ± 43 
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Figure 11.2 Transient absorption spectra recorded at different delay times (in the legend the delay 
in ps), using three different pump fluences: 888 µJ/cm2 (a), 394 µJ/cm2 (b) and 170 µJ/cm2 (c). 
In (d) and (e), the decay curve extracted at wavelengths corresponding to the transversal and 
longitudinal peaks. Notice the break in the time axis after 10 ps. 
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Figure 11.3 Dependence of the kinetic constants of NRs on the pump fluence (see Table 11.1): 
(a) τnr,1 . (b) τnr,2 . The solid lines (orange and green) represent the fit with equation: 𝑦 = 0.0058 ∗

𝑥 + 1.70 and 𝑦 = 0.0046 ∗ 𝑥 + 1.24 for the transversal and longitudinal time constants, 
respectively. (c) τnr,3 . 

 

It is important to note that the time constant associated with the electron-phonon 

processes shows a clear dependence on the pump fluence: indeed, τnr,2 increases as 

the pump fluence is increased. This finding is a direct consequence of the higher 

initial temperature of the electron gas reached at higher fluence values, which is 

then dissipated more slowly to the lattice.60 According to the literature,60 also the 

electron-electron scattering dynamics should be fluence dependent. This 

dependence, however, is not fully noticeable in our data because the timescale of 

the process is very close to the experimental time resolution (pulse duration) 

leading to a higher uncertainty in the time constants determination. 
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11.2 PIC J-aggregates 

 

Figure 11.4 Extinction spectrum of the PIC J-aggregates. 

The transient absorption spectra of the PIC J-aggregates (the associated linear 

extinction spectrum is reported in Figure 11.4) are characterized by a strong GSB 

signal at 583 nm and a blue-shifted excited state absorption (ESA) at 578 nm, as 

shown in Figure 11.5a,b,c. The dynamics of the GSB signal can be fitted using a 

three-exponential decay model: 

i) a fast component τPIC,1 of duration shorter than the pump pulse duration 

(< 150 fs). Even if the time constant is not quantifiable in our experimental 

conditions, the associated process can be identified and ascribed to the 

ultrafast relaxation of two-exciton states following the photoexcitation at 

400 nm61,62;  

ii) a time constant of a few picoseconds τPIC,2 (between 1.2 and 3.9 ps) is 

attributed to the exciton-exciton annihilation process and, as expected for 

this kind of phenomena, is dependent on the pump fluence61,62;  

iii) an additional fluence dependent lifetime τPIC,3 between 24 and 39 ps, is 

detected and can be ascribed to the fluorescence lifetime of the PIC J-

aggregate,  as already found in the literature63–66. 



42 

 
Figure 11.5 In (a), (b), (c) Transient absorption spectra recorded at different delay times (in the 
legend the delay in ps), using three different pump fluences: 587 µJ/cm2 (a), 383 µJ/cm2 (b) and 
169 µJ/cm2(c). In (d), (e), (f) the time constants retrieved from the three-exponential fitting shown 
as a function of the pump fluence. The solid line in (e) and (f) represent the fit with equation 𝑦 =
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−0.004 ∗ 𝑥 + 4.4 and 𝑦 = −0.031 ∗ 𝑥 + 42.7 for τPIC,2 and τPIC,3, respectively. In (g), the 
comparison between the GSB decay curves at different pump fluence values. The solid lines 
represent the decay fittings. Notice the break in the time axis after 10 ps. 

 

A last decay time τPIC,4 , longer than the investigated time window, (>500 ps) is 

found. We hypothesized it could be caused most likely by residuals of monomeric 

species and/or possibly fast intersystem crossing to triplet state63. 

 

11.3 Plexcitons 

With the aim to characterize the relaxation processes in different coupling 

conditions, the dynamics of three different plexciton samples are analyzed with the 

pump and probe technique. The hybrids are prepared with the same pristine 

nanorods used as reference. The zero detuning conditions are fulfilled in these 

samples because the longitudinal plasmon peak falls almost at the same wavelength 

of the J-aggregates absorption band. Compared to the previous syntheses of 

hybrids (see Chapter 5 and Section 10.2), in this case the concentration of nanorods 

is doubled, and the amount of dye molecules as well. This variation was needed in 

order to reach higher values of absorbance to perform pump and probe 

measurements. Different quantities of dye molecules are added (see Table 11.2) to 

a solution of nanorods to achieve different coupling regimes in agreement with 

the concentration trend previously determined (see Section 10.2.1). According to 

the previous characterization (Section 10.2.1 and Figure 10.4), the resulting 

coupling strength will be defined as “very strong”, “strong” and “intermediate” 

according to the value of the Rabi splitting obtained from the extinction spectra 

in Figure 11.6. 
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Table 11.2 Experimental conditions used for the preparation of the nanohybrids with “very 
strong”, “strong” and “intermediate” coupling: volume of dye molecules, wavelength of the 
plexcitonic peaks and corresponding Rabi splitting ΩR. 

Sample Dye added (µL) UP (nm) LP (nm) ΩR (meV) 

Very strong 80  543 603 227 

Strong 52 550 592 160 

Intermediate 28 562 585 87 

 

 
Figure 11.6 Extinction spectra of the three plexcitonic systems analyzed: “very strong” Hy_26b 
(a, blue line), “strong” Hy_29a (red line) and “intermediate” Hy_27a (yellow line). 

 

11.3.1 Plexcitons in the ‘very strong’ coupling regime 

Transient absorption spectra (Figure 11.7) are collected using three different pump 

fluences and all are characterized by three negative intense signals, assigned to the 

GSB of the transversal plasmon peak (at 531 nm), and the two plexcitonic split 

bands (at 549 and 602 nm) clearly visible also in the extinction spectra of Figure 

11.6a. 
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Figure 11.7 Contour plot of the transient spectra of the ‘very strong’ sample showing the 
differential absorption (blue-red color scale) as a function of the time and the wavelength (a, b, c) 
and the transient absorption spectra extracted at different delay times (in the legend the delay in 
ps) (d, e, f), using three different pump fluences: 882 µJ/cm2 (a-d), 360 µJ/cm2 (b-e) and 176 
µJ/cm2(c-f). 
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The dynamics of the three GSB signals extracted at wavelengths corresponding to 

the transverse plasmon (T), UP and LP (Figure 11.8 a,b,c) resemble those of the 

bare plasmon nanoparticles very closely. Therefore, their time evolution is well fit 

by the three-time equation used for the nanorods (see Section 8.3) and described 

by: 

i) a fast rise with a time constant τverystrong,1 (0.232, 0.213 and 0.166 for T, 

UP and LP, respectively) 

ii) a first decay τverystrong,2 of a few picoseconds (between 2.36 and 6.80 for 

T, 1.96 and 6.02 for the UP and 1.15-8.01 for the LP). 

iii) a third time constant defining the long decay behavior. In this case, no 

common trend is found for the three peaks. At the three different pump 

fluences, it seems that the time evolution of the GBSs on the T band 

and the UP is slowed down compared to the long decay of the 

plasmonic system alone (see Section 11.1) and does not depend on 

fluence, with τverystrong,3(T) = 423 ps and τverystrong,3(UP) = 644 ps. On the 

contrary, the decay with time τverystrong,3(LP) shows a dependence on the 

pump fluence: the dynamic is very fast for the highest fluences (290 ps 

is the average of the two measurements). This time is however much 

slower than in T and UP for medium and low fluences, with a constant 

decay of 856 ps for the lowest pump fluence. 

The time constants obtained from the fitting described above are summarized in 

Table 11.3 and are shown as a function of the pump fluence in Figure 11.8. 
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Figure 11.8 In (a, b, c) the comparison between the GSB decay curves extracted at wavelengths 
corresponding to the T, UP and LP peaks. The solid lines represent the fittings. Notice the break 
in the time axis at 10 ps. In (d), (e), (f) the time constants retrieved from the three-exponential 
fitting are shown as a function of the pump fluence. The solid lines in (e) represent the fit with 
equation 𝑦 = 0.0062 ∗ 𝑥 + 1.30, 𝑦 = 0.0056 ∗ 𝑥 + 0.9 and 𝑦 = 0.007 ∗ 𝑥 − 0.3 for τverystrong, 

2 of T, UP and LP, respectively. 
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Table 11.3 Kinetic constants of the very strong plexcitons for the T, UP and LP peaks. The error 
on the time constants is estimated to be in the order of 10% from repeated measurements. 

VERY STRONG PLEXCITONS 
 

Transverse plasmon 

decay time 

Upper polariton decay 

time 

Lower polariton decay 

time 

τ1 0.232 ps 0.213 ps 0.166 ps 

τ2 2.36 – 6.80 ps 1.96 – 6.02 ps 1.15 – 8.01 ps 

τ3 423 ps 644 ps 856 – 290 ps 

 

As we expected, the two early time constants resemble the nanoparticle τnr,1 and 

τnr,2 (see Section 11.1). Indeed, the excitation wavelength falls at 400 nm where the 

nanoparticle states prevail and promote the energy transfer to the coupled system. 

Once again, the dependence on the pump fluence is recognizable on the decay 

reported with τverystrong,2 but is less clear for τverystrong,1. Both of them are ascribed to 

the processes already explained above (Section 11.1). 

On the contrary, it is hypothesized that the slowdown of the dynamics, 

highlighted by the time constant τverystrong,3, is due to the exchange of electronic 

density between plasmon and exciton55 states and can be explained by the presence 

of the dark states in the hybrid system. They act as mediators in the energy transfer 

between the polariton states and hold on to the relaxation processes. This behavior 

has already been reported in the literature, where the lifetime of the upper and 

lower bleach signals are commonly reported to be longer for samples with stronger 

coupling strenght7,37,55. Moreover, the lower polariton is sometimes defined as 

“intrinsically long-lived”39,40. Nonetheless, a unified view is not available yet. 

While further investigations on different nanohybrids are still needed to verify the 

generality of this phenomenon, our findings suggest that it should be possible to 

exploit the establishment of the strong coupling regime to control the dynamics 

of plexciton systems over a significantly large time span. This opens possible 
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interesting perspectives for effectively using the strong coupling to modify rates 

of molecular processes and chemically relevant reactions. Indeed, the possibility of 

slowing down in a controlled way the lifetime of excited states could allow better 

exploitation of the energy of the excited states to promote relevant photochemical 

reactions. 

 After these remarks, the unexpected fast decay of the LP at high fluence is more 

complicated to explain. A comparison with the literature on excitons coupled with 

cavities67–69 suggests that this finding can be ascribed to polariton lasing and 

Bose-Einstein condensation (BEC), although no evidence has yet been reported 

for excitons coupled with plasmon nanoparticles. Interestingly, the hypothesis can 

be upheld by the evidence of blue-shift of the LP peak in time (see Figure 11.9), 

which is related to the reduction of the coupling strength caused by the BEC 

process68. 

However, this attribution should be investigated with further experiments and 

especially confirmed by fluorescence measurements. 

 
Figure 11.9 Peak wavelength of the LP in the very strong sample at high fluence (882 µJ/cm2) 
as a function of the delay time. A blue shift to shorter wavelengths is clearly recognizable.   

 

A final remark is that UP and LP must be supposed to be related as they are 

populated at the same time and decay in a similar way, in the investigated time 
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window. This result supports the hypothesis of the presence of a coherent energy 

exchange between excitons and plasmons37,55. Also in this case, additional 

measurements capable of directly quantifying the coherent dynamics must be 

performed to confirm this hypothesis. Nonetheless, these preliminary pump-probe 

data are extremely promising in view of possible quantum-nano-photonic 

applications that require the preparation, control, and tuning of the coherent 

behavior of complex systems.  

11.3.2 Strong and intermediate coupled plexcitons 

Even strong and intermediate samples mentioned above are analyzed with 

transient absorption spectroscopy by using three different values of pump fluence. 

The contour plots of the transient absorption spectra and the differential absorption 

spectra at different delay times are shown in Figure 11.10. It can be noticed that 

the transient signal is particularly weak for the measurements at low pump fluence, 

so in the following we will focus our attention on the results obtained at high 

pump fluence. 

In this case, the kinetic decay of the GSBs at the T (529 nm) and the UP 

wavelengths (552 nm and 565 nm for the strong and the intermediate, 

respectively) is analyzed with the three-times decay equation used for the nanorods 

(see Chapter 8.3). Again, the resulting time constants, shown in Table 11.4, reflect 

the nanoparticle dynamics for the first 10 ps, while the third decay constant 

assumes values faster than the very strong coupled plexciton and slower than the 

plasmonic system. The result is consistent with previous outcomes and can be 

easily justified considering that in this case the states are coupled more weakly than 

in the very strongly coupled system described before. The fluence dependence of 

τ2 is recognizable as in the previous cases (τnr,2 and τverystrong, 2). 

 



51 

 
Figure 11.10 Contour plots of the transient spectra of the ‘strong’ (yellow) and ‘intermediate’ (red) 
samples showing the differential absorption (blue-red color scale) as a function of the time and 
the wavelength (a, b, c, d). Transient absorption spectra recorded at different delay times (in the 
legend the delay in ps) (e, f, g, h), using different pump fluences: 820 µJ/cm2 (a, e), 888 µJ/cm2 
(b-f), 171 µJ/cm2 (c-g) and 186 µJ/cm2(d-h). 
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Table 11.4 Kinetic constants obtained for the strong and the intermediate plexcitons samples for 
the T, UP and LP peaks. The error on the time constants is estimated to be in the order of 10% 
from repeated measurements. 

STRONG AND INTERMEDIATE PLEXCITONS at high fluence 

 
Transversal decay 

time (ps) 

Upper polariton 

decay time (ps) 

Lower polariton decay time 

(ps) 

 STRONG INTERMEDIATE STRONG INTERMEDIATE STRONG INTERMEDIATE 

τ1 0.197 0.165 - 0.165 0.186 - 

τ2 6.2 7.93 5.33 6.74 4.8 - 

τ3 371 328 463 464 
427 

τadditional = 46 ps 
- 

 

Interestingly, a new feature appears in the decay dynamics of the LP GBS signals, 

which falls at 593 nm and 589 nm for the strong and intermediate samples, 

respectively (Figure 11.11). 

 
Figure 11.11 Comparison between the GSB decay curve of the LP peaks in the strong (a, yellow) 
and intermediate (b, orange) samples. The solid lines represent the decay fittings. The arrows 
indicate the additional rise time. 
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The presence of an additional rise time (highlighted by the arrows in Figure 11.11) 

requires the use of Equation 11.1 for the fitting, from which the time constants in 

Table 11.4 are extracted. 

∆𝐴 = ∆𝐴0 + 𝐴0 ∗ (1 − 𝑒
−

𝑡−𝑡0
𝜏𝑖,1 ) ∗ 𝑒

−
𝑡

𝜏𝑖,2 + 𝐴2 ∗ 𝑒
−

𝑡
𝜏𝑖,3 + 𝐴3 ∗ 𝑒

−
𝑡

𝜏𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 Eq. 11.1 

While in the early 10 ps the dynamics show no significant differences with respect 

to pristine nanorods and previous samples, it is worth noting that in this case the 

LP seems to get populated later than the UP. An explanation of this dynamic 

process has yet to be found since the simple hypothesis that the state is populated 

directly from the UP is not upheld by analyses of the UP dynamics, which doesn’t 

show a corresponding decay time. Still, the discovery of this additional kinetic 

component marks the fact that the coupling strength is reduced in these samples 

and the system can no longer exchange energy coherently. 

 

11.4 Final remarks on pump-probe measurements  

The transient absorption spectroscopy measurements carried out on plexcitonic 

samples prepared in different coupling regimes allowed for a comprehensive 

spectroscopic characterization of this fascinating family of nanohybrids. It was 

found that the system exhibits significantly different behaviors in the different 

coupling conditions and measurements at different pump fluences highlighted that 

these features change according to the excitation energy provided. Although a 

more in-depth analysis of the captured phenomena is required, the relaxation 

dynamics have in general been depicted, succeeding in highlighting any 

dependencies on fluence. 
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Figure 11.12 Histogram summarizing the time constants found for the long decay of the 
plexcitons at high fluence (882, 820 and 880 µJ/cm2 for the very strong (yellow), the strong 
(violet) and the intermediate (green) samples). While the T long decay is similar to the nanorods 
(orange), the UP and LP have different values with respect to the longitudinal time decay (L) of 
the pristine nanorods. In particular, it is worth noting that the value of UP and LP decay time is 
very similar between the strong and the intermediate plexciton. On the contrary, for the very strong 
sample a significant difference between the UP and LP emerges. A possible explanation refers to 
the proximity of the energy levels: for the intermediate and the strong coupling, the energy levels 
are closer and the resulting relaxation time is quite similar; on the contrary, in the very strong 
coupled sample the largest splitting of the levels causes a very different time constant of relaxation. 

 

An overview of the main dynamical constants found for the plexcitonic 

nanohybrids in different coupling regimes compared with their non-interacting 

constituents is provided in Figure 11.12. At a first look it is immediately clear that 

in the ‘very strong’ coupled systems UP and LP present significantly different time 

trends, confirming the possibility of really engineering the dynamic behavior by 

tuning in a controlled way the coupling regime. 

The chosen plexcitonic nanomaterials have proved to be a controllable and 

adaptable family of nanosystems to the most varied experimental needs. The results 
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obtained are particularly interesting, dealing with a topic that has not yet been 

deeply investigated in the literature, but which already demonstrates enormous 

potential. 
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Conclusions and future perspectives 

This Thesis has succeeded in fulfilling its initial objectives.  

First of all, a successful protocol has been developed and optimized for the synthesis 

of gold nanorods, including an oxidation step to obtain nanoparticles with wanted 

properties in a predictable and controlled way. A lot of attention has been paid to 

comprehending the molecular mechanisms at the base of the synthetic procedures 

to gain enough knowledge to control the reaction mechanism and predict the 

results. Although an exhaustive explanation of the specific trends recorded during 

the oxidation procedure could not be found because of the complexity of the 

mechanisms involved, it was anyway possible to suggest a specific method to 

ensure the achievement of oxidized nanorods with wanted properties.  This 

procedure will be highly beneficial also in future work because it will allow us to 

foresee with reasonable predictability the experimental conditions to follow to 

prepare nanorods characterized by longitudinal plasmon resonances at specific 

wavelengths. This issue is particularly crucial in preparing strongly coupled 

plexcitonic nanohybrids because one of the main prerequisites to reaching the 

strong coupling regime is to achieve the resonance between the plasmon and the 

exciton wavelengths. The exciton wavelength is not easily tuneable because only 

a limited choice of molecular dyes is so far available. Therefore, being able to 

prepare nanoparticles with a plasmon resonance easily tuneable to match the 

wavelength of the molecular exciton is highly valuable and will favor the 

preparation of a vast library of plexciton nanohybrids necessary for a systematic 

investigation of the photophysical and dynamic properties of these still 

underexplored but highly promising nanomaterials. 

Second, the right combinations of nanorods and molecular dyes and the 

supramolecular conditions necessary to promote the effective establishment of the 

strong coupling regime have been optimized. 
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Indeed, an easy procedure to control the coupling strength has been found. It was 

thus possible to prepare nanohybrids characterized by different coupling strengths. 

In the Thesis we focused in particular on three samples whose coupling is defined 

as ‘very strong’, ‘strong’ and ‘intermediate’ in accordance with the current 

definitions accepted in the literature. 

The photophysical and dynamic behaviour of these three samples has been 

thoroughly investigated by linear and time-resolved non-linear (pump and probe) 

techniques. The transient signals and the photoinduced relaxation dynamics have 

been characterized as a function of the coupling regime and analyzed at different 

pump fluences, in the quest for specific dependencies of the dynamic behaviour on 

experimental conditions and coupling regimes. We found that the ‘very strong’ 

coupling system exhibits a significantly different dynamic and fluence-dependent 

behavior than the other two samples, while the ‘strong’ and the ‘intermediate’ 

samples seem instead to behave in a similar way.  

On the one hand, these findings provide a first important conclusion: it is really 

possible to engineer the dynamic behavior of nanohybrids samples by tuning in a 

controlled way their coupling regime. This opens possible interesting perspectives 

for effectively using the strong coupling to modify rates of molecular processes 

and chemically relevant reactions, which is one of the most promising envisioned 

applications of plexcitonic nanosystems. 

On the other hand, these collected pieces of evidence raise a more subtle question 

about the definition of the coupling regimes. In Chapter 1 we discussed the 

conventionally accepted definitions of strong coupling regime based on the ‘static’ 

value of quantum mechanical parameters such as dissipation rates and coupling 

strength. In the literature, we are already assisting in a strong debate about the 

correctness of these definitions and a plethora of alternative definitions has been 

proposed by the different authors for different systems. Our data suggest that a 

more practical and helpful definition should at least account for ‘dynamic’ 
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parameters, such as the ultrafast behavior recorded in pump-probe experiments 

and the manifested dependence on pump fluence. This will allow for a clearer and 

less ambiguous classification of several sub-families of strongly coupled systems. 

Future additional investigations on different analogous nanosystems will be 

necessary to support this important claim. 
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