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Abstract

Nanomaterials able to efficiently promote strong light-matter coupling have long been
investigated due to their potential disruptive applications. In fact, systems characterized by
hybrid light-matter electronic states promise to unlock an unprecedented capability of
directing the migration of excitation energy at the nanoscale, offering exciting prospects in the
field of nanophotonics, quantum technologies, light-harvesting, and all those photonic
applications that require strict control over the flow of energy in time and space. So far, the
strong coupling between light and matter has been mainly promoted through optical cavities.
While these systems now offer an efficient way of generating hybrid light-matter states, their
preparation requires tedious and long procedures. The colloidal plexcitonic nanohybrids
investigated in this Thesis represent an exciting, yet underexplored, alternative. Plexcitonic
nanohybrids, a class of light-matter coupled nanosystems, are nanosystems characterized by
strong plasmon-exciton couplings. They can be prepared by promoting the self-assembly of
molecular J-aggregates on the surface of plasmonic colloidal nanoparticles (acting as
nanocavities) under suitable experimental conditions. In this work, we synthesized and
investigated the optical properties of different nanohybrids based on gold nanorods
functionalized with J-aggregates of various molecules (cyanines and porphyrins). The linear
optical properties have been characterized by UV-Vis absorption spectroscopy, which allowed
the optimization of the experimental conditions necessary to achieve a strong coupling.
Inspired by recent literature works, we also explored the optical activity of the nanosystems by
circular dichroism, unveiling exciting and highly promising properties. Finally, the ultrafast
relaxation dynamics of plexciton states were characterized by pump-probe spectroscopy,
which highlighted the presence of complex and unexpected relaxation mechanisms involving

energy redistribution among bright plexciton states and dark states.
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Introduction

Until the beginning of the 20th century, light and matter were treated as different entities with
their own properties. The development of quantum mechanics has enabled the theoretical
description of the interaction between light and matter down to subtle microscopic details.
Then, in the last century, numerous phenomena originating from this interaction have been
revealed. It was demonstrated that it is possible to modify the chemical and physical properties
of molecules, not only through chemical modifications but also by coupling molecules with
light.! In fact, depending on the coupling strength, one may run into the enhancement of the
relaxation rate of the excited states of the matter,? the interference between light and matter
states, or the generation of new hybrid states called polaritons.>= In a general view, polaritons
originate from the strong coupling between a cavity (a device in which the electromagnetic
field is confined and enhanced) and a quantum emitter (which provides the matter states). The
strong coupling regime is reached when the rate of coherent energy exchange between the
cavity and the quantum emitter is faster than their decay rates. Because of the massive number
of possible phenomena, the materials involved in the strong light-matter coupling have been
indicated as highly promising in numerous technological fields such as solar cells,® low threshold
lasers and parametric amplifier production,’ sensing,® imaging,® quantum technologies,° chiral

species sensing, ™! and others.

The definition of clear structure-to-properties relationships in these materials is thus of crucial
importance for the realization of a new generation of smart functional devices. For this
purpose, in recent years, we are seeing an ever-growing increase of the interest in using organic
excitons and metallic nanostructures. Organic excitons, due to their large transition dipoles and
low losses, provide large coupling strength, allowing the possibility of exploring the effects of
strong coupling on the physical and chemical properties of organic molecules at room
temperature. On the other hand, plasmonic nanoparticles are well-known systems capable of
confining and enhancing the electromagnetic field on their surface, with an easily tunable
plasmonic resonance.*?!* Materials prepared by the assembly of plasmonic nanoparticles and
molecules, or aggregates of molecules, are known as colloidal plexcitonic materials. The

electronic properties of these nanohybrids are ruled by the presence of plexcitons, a particular



class of polariton states arising from the plasmon-exciton coupling.>” Plexcitonic nanosystems

have the significant advantage of being extremely easy and cheap to prepare.

Furthermore, plexcitonic systems promise a high control over the final optical properties, even
at the nanoscale, because of the several chemical parameters that can be independently
changed during their preparation. For example, different coupling strengths can be reached by
adding different quantities of organic dye. Also, acting on the frequency of the plasmon,
different matter states can be selected to couple with light. Obviously, strict control over the
final properties, which plexcitonic nanosystems promise to unlock, is needed to engineer
materials with the desired functionality. However, despite these promising prerogatives, the
fundamental aspects of their design, as well as the knowledge of their dynamics and, mostly,
the understanding of the relationships that exist between structure and dynamics are still

scarce. Therefore, great experimental efforts on these nanosystems still must be made.

This Thesis fits precisely in this context and is focused in particular on the study of the
photophysical and dynamic properties of plexcitonic materials. The theoretical basis of strong
light-matter coupling can be used as the first approach for describing plexcitons. Therefore, the
first part of this Thesis consists of a study of the fundamental theoretical aspects of polaritons.
We start with the easy model of a single quantum emitter interacting with a cavity, including
the conditions necessary to obtain hybrid states, and go towards ever more complex systems,
which approach the plexcitonic nanosystems. Secondly, the analysis continues with the
assembly of nanohybrids. This task requires identifying the metallic nanoparticles and organic
dyes with the most suitable properties to fulfill the strong coupling conditions. For this purpose,
we selected two classes of suitable dyes, porphyrins and cyanines, and synthesized gold

nanorods with plasmons resonant to the J-band of the aggregated dyes.

Driven by the high interest that a porphyrin-based plexciton have, we first explored several
supramolecular conditions to get a strong coupling between gold nanorods and tetra-
sulfonato-phenyl porphyrin molecules. Secondly, we moved our attention to cyanines,
particularly PIC and JC-1. Overall, it was possible to establish strong plasmon-exciton coupling
with both cyanines. Furthermore, a more complex system, where JC-1 and PIC participate
together in the same plexcitonic system, was obtained. The reason that led us to make a more
complex mixed systems was to demonstrate if and to what extent it is possible to tune optical

and dynamic properties acting on the nature of the dyes employed.



Finally, the optical and photophysical properties of the final plexcitonic nanosystems were
characterized, with particular attention to the mixed system. 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 developments.

This Thesis is organized as follows. In the first Chapter, the theoretical aspects of strong light-
matter interaction in cavities were explored. Then, in the second Chapter, the experimental
methods used to prepare the plexcitonic nanosystems and the techniques employed to
characterize their optical properties are described. Finally, in the third Chapter, all the
experimental results and their discussion are systematically reported. We then conclude with

a summary of the main findings and a comment on future perspectives.






Chapter 1
Fundamental principles

1.1 Description of light-matter interaction in cavities

The photophysical properties of matter significantly change when the matter is placed within
optical cavities. Indeed, it is possible to couple “Quantum Emitters” (QEs), such as molecules,
aggregates or inorganic excitonic materials, with “cavities”, i.e., materials that enhance the field
of the light. When the matter states are in resonance with the enhanced electromagnetic field
of interacting radiations, coupling interactions can be established, which strongly affect the

electronic and optical properties of the system.3414

Depending on the coupling strength, different regimes and phenomena can occur.* Generally
speaking, in the weak coupling regime the interaction with light can be considered as a
perturbation of the material system, therefore, this interaction promotes the energy exchange
between the states without significantly changing them. This energy exchange between weakly
coupled light and matter states is incoherent and typically leads to an enhancement of the
luminescence of the QEs. This phenomenon, also known as Purcell effect, can be explained by
an increased density of states available to the emitted photon.? Instead, in the strong coupling
(SC) regime, the energy exchange occurs faster than any other relaxation process, thus, back-
and-forth oscillations of the excitation energy are established. In such a situation, the light and
the matter states are mixed and give rise to two new hybrid states, called Upper and Lower
Polaritons (UP and LP, respectively), with an energy separation proportional to the coupling
strength. The frequency splitting of these states is called Rabi splitting 25 and it corresponds

to the frequency of the energy exchange.341>16

This section aims to give a theoretical description of light-matter interaction in the SC regime.



1.1 Description of light-matter interaction in cavities

1.1.1 Strong coupling between light and matter: a quantum description

In the simplest picture, the SC effect can be illustrated using a model of two coupled harmonic
oscillators capable of exchanging energy. However, the effect of the hybridization of light—
matter states and the corresponding splitting can be demonstrated using classical,
semiclassical, or quantum approaches, as described in detail in ref > The fully quantum
approach for the simplest system consisting of a single emitter placed in a cavity is based on
the Jaynes—Cummings model (JC).>>% In this case, the QE is treated as a two-level system with
the ground |g) and excited |e) energy states separated by the transition energy hwqgg, with

being the reduced Planck constant. The Hamiltonian of such an emitter is:

with & = |g){e| and 6T = |e)(g| being the lowering and the raising operator, respectively. The

QE is characterized by a transition dipole moment:

Heg = (glqtle) (1.2)

with q being the elementary charge. The single-mode cavity is described by the standard

Hamiltonian:
}TC = hwchd (1.3)

with w, being the cavity mode frequency, @ and @' the photon annihilation and photon
creation operator, respectively. The emitter-cavity interaction is mediated via the electric

dipole term:

Hine = - E(rop) (1.4)
with I the QE dipole moment operator:

B= pey(6T+6) (1.5)
E the electric field operator at the position of the QE:

and € the vacuum electric field. Since
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[’,i(t)~(ei“’QEt + e—inEt); (1_73)
E(t)~(e@ct + g~twcty, (1.7b)

the product of both has terms oscillating with frequency wqg — w, and wqg + @, . The terms
oscillating with the difference frequency are those proportional to (i) §ta and (ii) dat. They
describe (i) the molecular excitation by the absorption of a cavity photon and (ii) the molecular
relaxation by the emission of a cavity photon. Thus, they conserve the number of excitation
quanta in the system.!® Instead, the terms oscillating with the sum frequency are those
proportional to (iii) @T6T and (iv) @6, which are related to the simultaneous (iii) creation and
(iv) destruction of a molecular excitation and a photon.!® If the spectral detuning between the

cavity mode and the emitter, defined as:
6 = wop — w, (1.8)

is small, the oscillations of #;,; with the sum frequency are on a much faster time scale,
therefore they average to zero within an oscillation period of the difference frequency. Thus,
under this circumstance, we can skip the counter-rotating terms @6 and até*. That is called

the rotating wave approximation (RWA).*® The resulting Hamiltonian in the JC model became:?
f[]C = hw,616 + hw.ata + hg(6at + 67a) (1.9)
with g the coupling constant:

9= _ﬂegg/h (1.10)

In the absence of coupling, g = 0, the eigenstates of the systems are the direct product of the
QE eigenstates |g), |e) and the cavity Fock states |n), where n indicates the number of photons
in the cavity {|g,n),|e,n)}. By neglecting the counter-rotating terms in the interaction
Hamiltonian, the total number of particles is conserved. Therefore, the light-matter
Hamiltonian couples only states with the same number of excitations (either QE or photonic
excitations), generating new eigenstates from their superposition. From this it can be
immediately inferred that the global ground state is the state with no excitation, i.e., the state
with the QE in the ground state and no cavity photons |g, 0), and that it is not affected in the
JC picture of interaction. Moreover, the “one-particle” excited states rise from the

superposition of states with one excitation, which are (i) the state with the QE in the excited



1.1 Description of light-matter interaction in cavities

state and no cavity photons |e, 0), and (ii) the state with a single photon and no QE excitation
|g, 1). Analogously, it is possible to define “two-particle” and more in general “n-particle”
states. For the moment we will consider only one-particle states, which are the most accessible
states in conventional experiments. However, some non-linear phenomena observed in this

Thesis will require invoking two-particle states, which will be introduced later in section 1.1.5.

Thus, using {|e, 0), |g, 1)} as base vectors, the diagonalization of the Hamiltonian (eq. 1.9) leads
to the formation of two new eigenstates |1, —) and |1, +), called Lower Polariton (LP) and

Upper Polariton (UP), respectively (figure 1.1). The new eigenfrequencies are:

a) ;\"ew h)‘bl’id b) — Empty cavity
light-matter Intracavity atom
states c 08
Two-level  —% . Confined 3
atom ' *-,. optical field £
K ‘RO = € oe
— ! R 3 g
. i ~ o
: . : ‘ i Z
S o4
$
k]
o
< 02
i 00 cacezs
"4 Wavelength

Figure 1.1 a) The resonance interaction between a two-level atom (a QE) and a confined electromagnetic field

(a cavity), resulting in two new hybrid states separated by the Rabi splitting energy hQR. b) The red curve is
the double-peaked transmission spectrum due to the splitting in the energy eigenstates. The blue curve is the
relative transmission of a probe through an empty cavity. Reproduced from ref “.

257

24 r

hw. (UP)

- = = Jiw, (cavity)
- —— hwge (QE)

15 . . . . . | | |
0.4 -0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4

ha [eV]
Figure 1.2 Graphic representation of the “anticrossing” behavior of polaritonic states. The dotted lines
represent the uncoupled system energies. The solid lines represent the UP and LP states energies, calculated
fromeq. 1.11, as a function of the energetic detuning.
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Wog + W 62
0y =—o—1 /T+g2. (1.11)

In figure 1.2, the new eigenenergies are plotted as a function of Ad. The more Ad is reduced,
the more hw, and hw_ move away from the energies of the uncoupled systems. This is the so

called “anticrossing” behavior, which is typical for strongly coupled systems.

To write the eigenstates, we denote:

29
in(6,) = ; .
sin(6,) \/(Ro iy ey (1.12a)
RO - 6
cos (6p) = (1.12b)

\/(Ro — 6)? +492’

R, = /6% + 4g2; (1.12¢)

with these definitions, the eigenstates are:

|1, =) = cos(6o) |g, 1) — sin(6o) le, 0); (1.13a)

11,+) = sin(6y) |g, 1) + cos(8y)le, 0); (1.13b)
or inversely:

|9, 1) = cos(6p) [1, =) + sin(B) |1, +); (1.13c)

le, 0) = —sin(6,) |1, =) + cos(6p)|1, +); (1.13d)

Thus, the new eigenstates are a superposition of the initial states. In other words, treating the
cavity and the QE independently is no longer possible, and |1, —), |1, +) became new states

with new properties.

In the special case of § = 0, i.e., in resonance conditions, it is verified that:

,1) £ e, 0
|1,J_r)=—|g ) Ele ); (1.14a)
V2
w, + w
Wy =CTQEJ_r g (1.14b)

and the energy difference between the new eigenstates is called Rabi splitting:
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Qp =29 (1.15)

Let us now look at the temporal behavior of a coupled system. In the Schrédinger picture, the
temporal evolution is recovered from |W(t)) = e‘ﬁt/hHP(O)). Let us assume the cavity to be

initially excited and the emitter to be in the ground state; this writes as:

_ L= +HL+)
$(0))=lg,1) = NG (1.16)

Thus, after a time t, the state has evolved to:>

o = £ e

= cos(Qgt/ 2) |g,1) — isin(Qgxt/ 2) |e, 0) (1.17)

This allows calculating directly the probability P,(t) to find the QE in the excited state |e), and

the probability B, (t) to find the photon in the cavity:

RO = (e 01p(e) = -2 e, (1.183)
B(®) = (g, 11w(e) 2 = - D, (1.18b)

From these results, plotted in figure 1.3a, it is clear that the cavity and the QE exchange the

photon (coherence) with a frequency that is exactly the Rabi splitting frequency.

a) 1 b) 1
P, [\F.

B B
L L
= =
= =
Z 8
@ 05 © 05
a Bl
S )
— —
- =

0 0

0 0.5 1 15 2 25 3 0 0.5 1 15 2 2.5 3

Time (1/780g)

Time (1/7Qg)

Figure 1.3 Time evolution of the occupation probability B, of the emitters’ ground (orange line) and F, excited
(blue line) state. Both probabilities show Rabi oscillations at frequency Qg. In panel a) and b) the time evolutions
are calculated from eq. 1.18 without considering damping effects and introducing an extra exponential decay,

respectively.
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However, the Rabi splitting can be blurred out by spontaneous decay and dephasing in the
system. In order to describe the crossover between the two scenarios, we need to introduce
losses associated with incoherent processes. This can be done phenomenologically by
introducing complex energies of the QE, wgg — iy, and the cavity, w. — ik. The resulting
eigenfrequencies in the single excitation subspace, n = 1, may be found by diagonalizing the
following non-Hermitian Hamiltonian:?
Wog — Y g
Hipss = (1.19)
g w. — ik

where y and k are the phenomenologically QE and cavity dissipation rates, resulting in 2y and
2k full widths at half-maximum of the QE and the cavity extinction spectra. The complex

eigenfrequencies w. of the diagonalized Hamiltonian (1.19) are:

WoE + w,

[ 1
> —%(y+k) iz\/l}gz +(6—i(y—k))2 (1.20)

wh =

From this equation we calculate the Rabi splitting, i.e., the difference of the two

eigenfrequencies in the condition of zero detuning:

Qp = 492 — (v — k)? (1.21)

This result is rather different than what was previously stated: Q0 is no more equal to 2g when
losses are kept into account. These losses also concur to the dephasing of the coherence, for
which equations (1.18a-b) can be rewritten by adding an extra exponential decay which damps

the energy exchange until the probability reaches zero (figure 1.3b).

1.1.2 Condition of existence of the polaritons (CE) and strong coupling conditions
(SC)

The condition of existence of the polaritons (CE) can be deducted by observing eq. 1.21. The

Rabi splitting becomes real-valued only in the condition:

29 > |y — k| (1.22a)

11



1.1 Description of light-matter interaction in cavities

However, this condition is necessary but not sufficient to reach SC. The new states need to be

resolved one from other. This happens when: 13>
O >y +k (1.22b)

which is the so-called SC condition. When both conditions are fulfilled, the QE and the cavity
coherently exchange energy. Otherwise, we are in the intermediate or weak coupling regimes,
which will not be treated in this Thesis. Finally, let's look at eq. 1.10, where the coupling
strength between a single QE and a cavity is defined by the QE transition dipole moment and

the cavity vacuum electric field. The latter can be expressed through the mode volume V,,, as:?%

22

E = hw/2eeyVy, (1.23)

with €, the vacuum permittivity. From eq. 1.23 it can be inferred that the mode volume is a

central parameter describing the coupling strength, as g < 1/4/V,,. Thus, the smaller the mode

volume is, the stronger the coupling.

1.1.3 Strong coupling between a photon cavity and N interacting QEs: dark
states

The light-matter coupling can occur not only at the single QE level, but also when many QEs are
coupled to the same cavity.?® Actually, this is the most common experimental case since the
effective volume of the cavities, even the smallest ones, is large enough to host more than one
QE.?* In this framework, the Hamiltonian must be generalized to consider all the possible

interactions among N QEs and the cavity. The Dicke or Tavis-Cummings (TC) Hamiltonian is thus

defined:1823.2>

N N
Fre = hoyata + hz wosd G, + hZ 9.6 +6)@ +a) (1.24)

i=1 i=1

Considering N identical QEs, thus g; = g, and assuming the RWA approximation, the

Hamiltonian becomes:

12
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N N
Flre = hw,dta + nE werd16, + hy Z(aja +6,ah (1.25)
i=1 i=1

As seen for the JC model, the total number of excitations remains a constant of motion:*8

N

Nexc = z 6;'1- 6; + a-l-a; (1.26)
i=1

[Frc Nexe] = 0 (1.27)

thus, TC model only allows hybrid states in which components share the same Ngy. For Ngy =
0 there is only one state that is the global ground state of the system |gy, ..., gn, 0) = |G, 0)
and is not affected by the interaction. Then, N + 1 basis states with N,y = 1 are defined: a
single state with all QEs in the ground states and a cavity photon |gy, ..., gn, 1) = |G, 1), and N
states where a single QE is excited and no cavity photons |gy, ..., €;, ..., gn, 0) = |e;, 0). The

diagonalization of the TC Hamiltonian leads to two bright states, the UP and LP:

N
1 1
1L,+)=—4|6,1)t — 0,0 1.28
L4 =161 ,_ZN;w) (1.28)

where we have assumed resonance conditions. The respective eigenfrequencies are:

W, + w
0y =———=+ gVN; (1.29)

Qr = 2gVN (1.30)

Equations 1.29 and 1.30 show that the coupling strength is now increased by a factor VN,
implying that the excitation is shared among the cavity and all the N coupled QEs. In this
situation, the overall coupling strength, and thus the Rabi splitting, strongly depends on N.

Putting together equations 1.30 and 1.23, the overall coupling strength results proportional to:

g < /N /V, (1.31)

Thus, the SC can be increased by reducing the mode volume or by increasing the number of

interacting QEs.

In addition to two bright states, the single excitation subspace also gives rise to N — 1 “dark

states” (DS) of the form:26:2/
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1.1 Description of light-matter interaction in cavities

N N

|DS) = Z c;le;, 0) with z ;=0 (1.32)
' 1

i=1 i=

As one can see, these states do not couple to the photonic component, and their energies are
identical to the energy of uncoupled QEs. These states are referred as dark states since the
transition dipole moment between the global ground state and any of these states is zero. As
a result, they cannot be populated by an external photoexcitation. However, because of their
high density, DSs can act as a sink of excitation from polaritons, strongly affecting the relaxation

dynamics of the coupled system.1&28

a) JC b) TC

¥, I upP
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AT /e

[

w—  2[1(] 000000005--0000000 =
emitter ‘.,\ | photon N emitters l N-1dark photon
LP \\‘fry vN

LY
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ground ground
state state

Figure 1.4 a) Jaynes—Cummings (JC) model: the emitter and the photon strongly couple to form hybridized
states, termed lower and upper polaritons, separated in energy by 2hg. b) Tavis—Cummings (TC) model: N
emitters interact strongly with a photon to yield polaritons (LP, UP) and N — 1 DSs. The latter do not couple to
light and thus maintain the original emitter energy. Reproduced from ref 3.

1.1.4 The role of energetic disorder

The TC model clearly illustrates the remarkable delocalization of polariton states. However,
from the theory of molecular excitons it is well-known that energetic disorder can cause the
localization of the excited state. Thus, it is of interest to determine how robust polariton states
are with respect to disorder. In a recent work, the interplay of disorder and light-matter
coupling was explored.?® It was found that disorder broadens the high density of DSs centered

at the energy of the bare QEs (figure 1.5). However, even under relatively high energetic
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200 molecules
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Figure 1.5 Spectrum of the ensemble one-particle states calculated for 200 molecules coupled to a resonant
cavity, with g = 50 cm™. The transition energies of the molecules are randomly disordered with a standard
deviation of 100 cm™. Reproduced from ref .
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Figure 1.6 a) Electronic energy and b) free energy levels of a cavity mode (yellow line), excited states of
molecules (blue lines), and polariton manifold (red lines) as a result of SC. Nonradiative vibrational relaxation
(wavy arrows, process 1) effectively redistributes population from and to DS, which act as a trap. In a
conventional view of the electronic energy landscape, DS population either directly decays to the ground state
(process 3) quenching the emission or decays to the lower polariton (LP) state via radiative pumping (process
2) and nonradiative vibrational relaxation (process 1). LP relaxes to the ground state by emitting a photon
(process 4). In the free energy landscape, LP can decay to DS (process 1), while other decay pathways remain

unchanged. Reproduced from ref 8.

disorder compared to the light-matter coupling strength, polariton bands remain strongly
delocalized. This happens because the LP state is significantly split away from the other states
(figure 1.5), which hampers the usual mechanism for decoherence and localization.
Furthermore, the polariton bands are not broadened commensurate to the disorder (e.g.,
compared to the DS density of states). This band shape narrowing is attributed to exchange

narrowing.3°
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1.1 Description of light-matter interaction in cavities

In addition to these aspects, energetic disorder introduces the concept of entropy and free
energy, which can also induce a reordering of the states (figure 1.6).1® Therefore, itis clear that
energetic disorder must be considered to get a more comprehensive picture as it strongly

affects how states interact with each other, and so the overall dynamics.

1.1.5 Two-particle states

So far, we discussed only about one-particle states, i.e., eigenstates originated by a
superposition of states with N,,. = 1. However, in order to wholly understand the excited
states dynamics, eigenstates generated from states with Ngy. =2 must be taken into

consideration.

The starting states with two excitations are: (i) the state with two excitons and no photon
|eiej, 0), (i) the state with one exciton and one photon |ey, 1), and (iii) the state with no exciton
and two photons |G, 2). In the resonance condition, all these states have the energy E = 2hw.
The highest and lowest eigenstates of the TC Hamiltonian (eq. 1.25) in the two-particle

subspace are given by the upper (2UP) and lower (2LP) two-particle polaritons:?®

1 N
|2'i) = —F=

N
——1G,2) +L le;, 1) +; i le;e;, 0)  (1.33)
V2, (2N - 1) VN2 ' NN - 1) i
i=1

i=1,j>i
with eigenfrequencies:

0? =20 + 29N - 1/2 (1.34)

Note that for finite N, E,yp < 2Eyp and E; p > 2E;p. In other words, the two-particle Rabi
splitting Qf,?z) = E,yp — ELp is smaller than twice the one-particle Rabi splitting 0. Only in the
limit of infinite N, Qg) = 20p.

The two-particle polariton 2UP (2LP) is optically allowed from the one-particle polariton UP (LP)

with a transition dipole moment given by:%®

W, -1 ) (1.35)

[KUP||2UP)| = {LP|RIZLP)| = peg <—+

2 J202N -1)
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N
with i = uegZ(ﬁﬁ +6) (1.36)
i=1

In addition to the 2UP and 2LP, there is another polariton state in the two-particle manifold
that is optically accessible from the LP and UP. This is a state located at twice the energy of the

cavity mode 2w:?®

2w) =

N
N-1 2
(2N - 1) 16.2) - \](N —1)(2N—-1) z leiej, 0) (1.37)

i=1,j>i

The strength of the transition dipole moment from LP and UP is:

2(N-1)N
2N -1

(UPII20)] = KLPII20)] = freg (1.38)

The model also predicts a collection of degenerate dark states at energy 2w (2DS). These are

given by the (un-normalized) expression:?®

N N
|2DS> = Z Cl'j|ei, ej,O) with Z Cij = 0 (139)
i=1,j>i i£j

These states are optically forbidden from the one-particle states.

Finally, the model also predicts additional states between the 2LP and 2w and 2w and 2UP

states, which are given by the (un-normalized) expression:?®

N N
! 1 ! !
|DUP/DLP) = ZCi|ei, 1) + N3 z (ci + ¢f)lee;, 0) (1.40)
i=1 i=1,)>i
N
with Z ¢l =0 (1.41)
i=1
and with eigenfrequencies:
wDUP/DLP = 20) i gVN - 2 (142)

These states are optically dark from LP and UP, but optically allowed from the dark states |DS)

at energy Aw.
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These states are schematized in figure 1.7, which shows how two-particles states can be

populated through excited state absorption from the one-particle states.

Two-particle state
1G.2) leg. 1) |esey, 0)

il e — o o O
4
DUP —— ly— %X 0 ©
20— 0O X O
DLP -H-+4+:-— x o o
L
2LP -H4t+i-—— 0 o o
L | L
One-particle state -
: : |G, 1) |e;, 0)
UP r—_— 0 O
I
DS B R B
LP 0 o
GS

Figure 1.7 Spectral features assignments for polaritonic states. Ladder of states predicted using the TC model
including two-particle states. Terms contributing to each state are marked with an O, while absent terms are
marked with an X. Optically allowed transitions between the GS and one-particle states and between one- to
two-particle states are indicated by arrows. Note that transitions from the one-particle DSs at energy hw to
optically bright DUP and DLP states are allowed and indicated with black dashed arrows. Other two-particle
states without predicted optical transitions are omitted for clarity. Adapted from ref 28,

1.2 Plexcitons: hybrid states generated from plasmon-
exciton strong coupling

In this section an important class of hybrid states emerging from the SC between light and
matter is outlined: plexcitons. Plexcitons are a particular example of polaritons emerging from
the SC between plasmons of metal nanostructures (acting as cavities) and molecular
excitons.>3>715 But first, to better understand the photophysical properties of plexcitons, a
fundamental description of the uncoupled constituents, molecular excitons, and metal

plasmons, is necessary.
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1.2.1 Molecular excitons

Excitons refer to electronic excited states delocalized over more than one molecule. This is the
result of the strong interaction between excited states of strongly coupled monomer units in
molecular crystals or aggregate systems.?3? As a consequence of the SC, the initial states of

the monomers mix, and the excitation is delocalized all over the participating monomers.

The simple model of Kasha,®® which describes the coupling between only two molecules
(excitonic dimer), helps to understand the fundamental principles. Let’s consider two identical
molecules. Each of them has a ground |g) and an excited |e) states, with transition energy hw,
and transition dipole moment f,4. In the absence of coupling, the full system can be described
by specifying the electronic state of each molecule, leading to four possible states: (i) the state
with both molecules in the ground state |G), with energy equal to zero; (ii) the states with the
excitation in the first |1) or in the second |2) molecule, with energy hw; and (iii) the state with

both molecules excited |12), with energy 2hw.

As a result of the coupling, the excited states |1) and |2) are mixed, giving rise to two new

states |—) and |+), called excitons:

1
=—(|1 2 .
|£) ﬁ(l ) +12)) (1.43a)
hwy = ho £] + AW (1.43b)

with | being the exciton splitting term, or Coulomb coupling, and AW is the difference in the
Van der Waals stabilization energies of the ground and excited state in the dimer, typically

negligible.3%33 In the point-dipole approximation, J can be expressed as:

|/"eg|2

— (1.44a)
/ 71213 “

k= (ﬁeg,l ) iieg,z) - 3(ﬁeg,l ’ 212)(77(—39,2 ) 212) (1.44b)

where k is the orientational factor, 141, is the vector defining the distance between the two
molecules, and U4 and 21, are the normalized vectors of pegand 71, respectively. Physically,
the SC accounts for the delocalization of the excitation energy among the two molecules, and

the splitting energy 2] quantifies the strength of the interaction between them. The two
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1.2 Plexcitons: hybrid states generated from plasmon-exciton strong coupling

eigenstates | 1) are a superposition of states in which the excitation is located in the first or the
second molecule. Thus, when the system is described by excitonic states, the energy is

coherently exchanged between the two molecules.

It is worth noting the dependency of J on the geometry of the system. The simplest form for J

is obtained when the two monomers have parallel dipole moments, thus:

_ |l"eg|2

_ _ 2 (1.45)
|T12|3(1 3 cos“0)

J

where 6 is the angle formed by the dipole moments and the ideal line joining the centers of

" 1
the monomer molecules. When 8 matches the value of a critical angle 8,, = arccos (ﬁ) =

54.75°,then ] = 0. When 8 < 8y, < 0 and the dipoles maintain a “head-to-tail” orientation:
the dimer is defined as J-dimer. In this case, one founds that Aw, < hw_. H-dimers, in which
the monomers assume a “face-to-face” orientation, are instead obtained when 8y, < 6 < /2.

In this case ] > 0 and hw, > hw_.

Furthermore, the model also predicts the transition dipole moment from the ground to the two

excitonic states:

M=+,
ME = (£1M1]6) = = (Hep + eg2) (1.460)
IM*| = V2|p,g|cosp (1.46c)
IM~| = V2|pey|sing (1.46d)

with B the angle between f,g41 and feg4 2. Thus, the respective oscillator strength results:
2
IM*|? = 2|peg| cos? B (1.47a)

IM~[2 = 2|pe,|” sin? B (1.47b)
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From these equations, it is clear that the intensity of these bands depends on the geometry of
the dimer. In J-dimers the oscillator strength is concentrated on the lower energy state. This
leads to a lower transition energy compared to the individual monomers and a redshifted
absorption band. In H-dimers, the bright transition results at higher energy than the isolated
monomers, and a hypsochromic shift of the absorption band occurs. Figure 1.8 shows the

energies trend of the exciton states as a function of 8, with § = 0.

The approach described for the homodimer can be generalized to aggregates involving a higher
number of molecules. In this case the Frenkel excitons model is adopted,®** which starts from

an aggregate made of a linear array of N-coupled two-level chromophores. In the Frenkel

J-dimer

H-dimer

0 3
2 I . allowed
= : f
g hw - i
T AW :

;forbidden
monomer  dimer (0° 54.75° 90°

6

Figure 1.8 Energy diagram of an excitonic dimer with different geometrical arrangements. The two
contributions, the energy stabilization due to the Van der Waals interaction AW, and the Coulomb splitting 2]
are separately identified. In the case of parallel dipoles (f = 0), the state |+) (in red) is optically active with

M| = \/E|Ileg , While the state |—) is optically inactive as [M~| = 0. Adapted from ref *3.

exciton, the delocalization is extended over N molecules and, for the bright state, the transition
dipole is enhanced by a VN factor, analogously to what already found for the dimer.
Furthermore, the delocalization over a large number of monomers causes a linewidth
narrowing, due to averaging over local inhomogeneities, proportional to 1/\/N, where N isthe
number of monomer units.3> This phenomenon is known as the exchange narrowing
mechanism.3® Another feature that distinguishes J- and H-aggregates is the difference in their

radiative decay rate. In the first case, the lowest exciton state is radiatively coupled to the
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1.2 Plexcitons: hybrid states generated from plasmon-exciton strong coupling

ground state with a transition dipole enhanced by a VN factor relative to the monomer, while
in the second, there is no direct radiative coupling between the lowest exciton state and the
ground state because the transition is forbidden by symmetry. Since the radiative decay rate
scales as the second power of the transition dipole moment, under certain condition the decay
rate in J-aggregates can be N-times that of the monomer. This phenomenon is known as

superradiance.3’38

These features, such as high transition dipole moments, extended energy delocalization and
narrow bandwidths, are ideal for reaching the SC conditions with a plasmon resonance to form
plexcitons efficiently. Thus, in this Thesis we focused our attention on porphyrins and cyanines,

which are two classes of organic dyes well-known to easily form J-aggregates.34!

1.2.2 Localized plasmon resonance of metallic nanoparticles

Plasmons are collective oscillations of free electrons in metals. Since these oscillations occur at
a well-defined frequency, a plasmon is classified as a bosonic quasiparticle excitation and
corresponds to a quantum of plasma oscillation. Alternatively, a plasmon can be described as
a negatively charged electron cloud that is coherently displaced from its equilibrium position
around a lattice of positively charged ions.*>#2 The direct excitation of plasmons by the electric
field is not allowed in bulk materials. On the other hand, the presence of a surface in real
materials enables the existence of specific plasmon modes, which can be excited by the electric
field. In the case of metallic nanoparticles (NPs), the electric field of an incident electromagnetic
wave can penetrate the metal and polarize its conduction electrons. Since NPs typically have a
size much smaller than the photon wavelength, the originated plasmon excitation does not
propagate, resulting distributed on the whole NP volume, so it is defined as Localized Surface
Plasmon (LSP). Moreover, in NPs, the plasmon can be described as a harmonic oscillator driven
by the resonant electric field. Plasmons can be considered as the “light” states that take part in
the light-matter coupling. In fact, plasmon resonances also have the effect of confining the
electromagnetic field in the proximity of the particle surface. Thus, plasmonic substrates act
like a cavity with a very small mode volume 1/,,.2% In addition, the plasmon resonance strongly

depends on the shape and the size of the NP.1213
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1.2.2.1 Linear optical properties of metallic nanoparticles.

The absorption spectra of spherical particles can be modeled by using the Mie theory, given
that the dielectric constant of the particle and the environment are known. In the quasi-static
limit approximation, i.e., when the particles are much smaller than the wavelength of the light,
it gives:*?

£
c ™ (g1 +2e,) + &5

Oabs = (1.48)

Where g, defines the absorption coefficient, V is the volume of the particle, &, is the
dielectric constant of the medium and e(w) = & (w) + ie,(w) is the dielectric constant of the

metal which can be obtained from the Drude Sommerfeld model for the free electron gas:*?

2
__ Y (1.49)
w?+ilw

w
e=1

where w is the frequency of the electromagnetic field, and I" the damping caused by electron
scattering; w, = m is the bulk plasma frequency where n is the carrier density
and mgsr the effective carrier mass. Combining equations 1.48 and 1.49, the absorption
coefficient can be approximated with a Lorentz profile:*

Op

- (w — wpl)z + (T'/2)?

Oabs

(1.50)

with g, a constant that encloses all the constant terms of eq. 1.48 and w,; = w,/ (M}
the localized surface plasmon resonance. Thus, the absorption profile is centered at w,,; and
the full width at half maximum (FWHM) is equivalent to the damping factor I. If the quasi-static
limit is not achieved, an increase in the particle size involves a red-shift and broadening of the
plasmon resonance (figure 1.9). The red-shift is a retardation effect; it occurs because the
electric field is not uniform across the particle, while the broadening comes from radiation
damping.** However, not only the size of a metal particle can change the plasmon resonance
but also its shape. For ellipsoidal NPs, the respective local field depends on the polarization of
the incident wave along the three principal axes a, b, and c. Therefore, plasmon resonances can
occur along each of them. For spheroidal particles, such as nanorods (NRs), the transverse

dimensions are identical: a = b < c. Depending on the polarization vector of the incident electric
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1.2 Plexcitons: hybrid states generated from plasmon-exciton strong coupling

field, either the transverse or longitudinal plasmon resonances can be excited (figure 1.10).%°
The aspect ratio c:a defines their spectral position. The longitudinal plasmon shifts to lower
frequencies with increasing aspect ratios.*® Since gold NRs with different aspect ratios are easily
synthesizable, the longitudinal plasmon resonance of these nanosystems is easily tunable. In
this Thesis we label longitudinal and transverse plasmons with the acronyms LM and TM, which

stand for longitudinal mode and transverse mode, respectively.

Extinction
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Figure 1.9 Extinction spectra of different sized Au NPs recorded in aqueous solution (diameters are given in the
figure). Reproduced from ref *2.

Electric i ( " e
field 4 N
\_‘ ] oy | C)
{ ‘ \
a) l ,. : =
i 1.8 4 i
”Ttrjrl. 7 'k Longitudinal
SN ¢ |l L 5 I> plasmon band
s 5 14
SN S 12
g b
Metal rod g 1 Transverse
Longitudinal electrons oscillation ’g 0.8 4 Pl i“m"'} s
5__’ 0.6 4 ,f
04 {——
Electric T 11 0.2 4
field N\ /1 0
“ T . ' T
A 400 500 600 700 SO0 900 1000 1100
b) Wavelength (nm)
/ e ¥
Metal rod ” f
v y
Electron L.
cloud

Transverse electrons oscillation

Figure 1.10 Schematic illustration of a) Longitudinal and b) Transverse plasmon resonances in ellipsoidal NPs.
c) A typical extinction spectrum of a gold NRs solution. Reproduced from ref *>.

24



Fundamental principles

1.2.2.2 Damping mechanisms of plasmons.

The bandwidth of a single NP is associated with the dephasing time of the coherent electron
oscillation, with a larger bandwidth corresponding to a faster loss of coherence.*®=* Typical
electron dephasing times in Au NRs are in the order of 6-50fs,'3 and this value sets the plasmon
bandwidth. The total line width I' (FWHM) is contributed by a radiative (I}) and a non-radiative

(T-) term and can be expressed as:*°
I =T, + w?l, (1.51)

The radiative term is associated with the far-field radiation emitted by accelerating and
decelerating charged particles. It becomes more important for increasing NP size; however, for

20 nm Au NPs it accounts for only a few percent.?

The non-radiative decay includes several dephasing mechanisms collectively identified as
Landau damping, in which the energy is transferred into lower-energy electron-hole pair
excitations in a timescale of 1-100 fs.#8°051 The electron-hole pair’s excitation can be either
intraband or interband.'3 After electron-hole formation by Landau damping, electron-electron

scattering takes place on a time scale of 0.5 ps leading to electron thermalization. In this way,

Plasmaon excitation Landau damping Carrier relanation Thermal dissipation
t=0s t=1-1001s t=100kta 1 ps t= 100 pstoi0ns

Population Population Population

Figure 1.11 After LSP excitation a), the athermal distribution of electron—hole pairs decays in 1-100 fs by photon
emission (radiatively) or through b) Landau damping and the formation of hot carriers (non-radiatively). c) Hot
carriers redistribute their energy by electron—electron scattering on a timescale ranging from 100 fs to 1ps.
Then, heat is transferred inside the NP by electron—phonon (e—ph) scattering on a timescale of a few
picoseconds, and d) from the NP to the surroundings on a timescale of several picoseconds to nanoseconds. e)
The complete timeline of SPR relaxation. f) The formation of electron—hole pairs in Au can be either interband
or interband. The Fermi electron population is reported in grey, hot electrons are represented by the red areas
above the Fermi energy (Er), and hot-hole distributions are represented by the blue area below Er. Adapted from
ref 13,
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1.2 Plexcitons: hybrid states generated from plasmon-exciton strong coupling

electron energies rearrange from a non-equilibrium to the quasi-equilibrium Fermi-Dirac
distribution, corresponding to the system thermal energy plus the energy of the absorbed
photon.*® This means that for times <500 fs after plasmon excitation, the electronic gas
temperature is still higher than the lattice temperature.*”*8 Then, in 1-5 ps, electron-phonon
scattering leads to the thermalization of the electrons with the lattice.#”#® The last process
involves phonon—phonon interaction between the lattice and the surrounding medium, with a
time scale ranging from hundreds of picoseconds to nanoseconds.*”*8 In general, one should
consider that all these relaxation mechanisms are partially overlapping in time. Besides, their
precise time scale depends on the intensity of the light and the external temperature.>? Figure

1.11 schematizes the dynamics of plasmon upon photoexcitation.

1.2.3 Plexcitons

In the previous sections, we described the fundamental characteristics of excitons and
plasmons. Plexcitons are polaritonic modes that essentially describe the interaction of
plasmons and excitons.” Most commonly, plexcitons are observed when a J-aggregate of an
organic dye is templated on the surface of a metal NP. In this way, the excitonic states of the
aggregate can strongly interact with the strong electric field confined on the NP surface

generated by the plasmonic resonance.

Recalling the SC conditions (section 1.1.2), it is easy to understand why J-aggregates of organic
dye and plasmonic substrates are suitable for strong light-matter interaction. In fact, J-
aggregates are characterized by a high transition dipole moment (eq. 1.46) that contributes to
the coupling strength g (eq. 1.10), and a narrow bandwidth, which reflects a low dephasing
rate y. Then, despite the huge losses of plasmons (note that k of eq. 1.22 is equal to I'/2), their
effective volume is orders of magnitude smaller than in optical cavities.?>?* And the effective
volume V,,, also contributes to the coupling strength (eqg. 1.31). In addition to this, the plasmon
resonances of gold NRs are easily tunable, allowing to easily achieve the resonance conditions

with different aggregates of organic dye.

Building on these observations, in this Thesis we prepared and characterized plexcitonic

nanohybrids based on gold NRs and J-aggregates of organic dyes.
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1.2.3.1 Plexcitons and polaritons dynamic: a brief overview

Because of their complexity, optical nonlinearities of plexcitons are very challenging to describe
and understand, and the debate about the interpretation of the various dynamic phenomena
is still particularly vibrant. In fact, while the energy levels of the emerging plasmon-exciton
systems can be predicted by theoretical models with reasonable success,®>*>16 how plexcitons
interact among themselves and with other states is much less clear, making it difficult to predict

how plexcitons formation might ultimately be used to control excited-state processes.

One of the most interesting features in plexcitonic, or generally, polaritonic systems, is their
coherent dynamic properties, i.e., the Rabi oscillations. Resolving coherence among plexcitonic
states is a challenging task as it requires a very demanding time resolution, below 10 fs. One of
the few experimental characterizations of this phenomenon has been provided by Vasa et al.,
who have reported evidence of plexcitonic coherence by using pump and probe
spectroscopy.”® The polaritonic dynamics for timescale above the 100fs are much more
studied. Generally, according to the intuitive downhill relaxation model, it is expected that UP
relaxes fast to DSs, which in turn populate LP.?3> However, the exceptions to this picture are
numerous because of the vast variability of polaritonic systems. Moreover, recent literature
works tried to explain polaritons nonlinearities by invoking complex energy redistribution
processes between different states (including polaritons, DSs and plasmon states) in the
picosecond timescale.'®>* In addition to this, the energetic disorder of these states also seems
to play a fundamental role in the dynamic processes.>> Thus, the easy picture of the UP, DS and

LP states connected by a downhill sequential energy relaxation has been overcome.

Another interesting feature is the Rabi contraction observed at high enough fluences. This
phenomenon has already been characterized and well rationalized.”® The contraction is the
consequence of the photoinduced reduction of the number of ground state molecules
effectively coupled to the cavity.?® In fact, when plexcitons are excited by the pump pulse, an
(incoherent) exciton population remains in the dye molecules within the exciton lifetime,
consequently fewer molecules can couple with the plasmonic mode. Then, the Rabi splitting,
which is proportional to the root square of the number of interacting molecules (eq. 1.31),

decreases.
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Chapter 2
Experimental methodologies

In this Chapter the experimental technigues employed in this Thesis, with a particular focus on
the pump and probe technique, are described. Then, the synthetic methodologies adopted for
the preparation of gold NRs and nanohybrids are illustrated. Finally, the software used for the

data analysis is defined.

2.1 Stationary linear spectroscopy

2.1.1 UV-Visible Spectroscopy

UV-Vis spectroscopy is a technigue that exploits the linear response of the matter to light, to
measure the extinction spectra in the UV-Visible range. There are two contributions to the
extinction: the absorption and the scattering of light (the latter becomes relevant only for
particles whose size is comparable to the wavelength of the light source, such as metallic NPs).
This technique is sensitive to the transmittance T:

I —&Cr
T = —= 10 (2.1)
0

with I the transmitted intensity, I, the incident intensity, € the extinction coefficient ([e] =
M~1cm™1), € the molar concentration of the sample and 7 the optical path of the light in the

sample. The absorbance A is defined as —log;, T, then the Beer-Lambert law is obtained:*’
A=¢gCr (2.2)

In this Thesis, extinction spectra were recorded with a Cary 5000 spectrophotometer.
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2.1.2 Circular Dichroism (CD) Spectroscopy

Circular Dichroism (CD) spectroscopy is based on the measure of the differential absorption of
left and right circularly polarized light (LCP and RCP, respectively). Optically active systems will
preferentially absorb one direction of the circularly polarized light. Thus, the CD signal is

proportional to the differential absorption:>2

with A; and Ag the absorbance of left and right circularly polarized light, respectively. This

directly derives from a difference in the extinction coefficients:
Ae = g — €5 (2.4)

A linearly polarized light can be expressed as a superposition of LCP and RCP of the same
amplitude. When such a linearly polarized light interacts with a chiral medium, since the molar
absorptivities of LCP and RCP light are different, they will be absorbed in different amounts.
This differential absorption results in the LCP and RCP components having different amplitudes,
which means that the outcoming light is no longer linearly polarized. The resulting wave is
elliptically polarized. Thus, the CD spectrum is often reported in degrees of ellipticity, 8, which

is the measure of the ellipticity of the polarization given by:

_ b —Eg
tanf = ——— (2.5)
E, + Eg

with E; and Ep the amplitude of LCP and RCP components, respectively. The change in

polarization is usually small and the signal is often measured in degrees, giving:
0 = 32.98AA (2.6)

In this Thesis, the CD spectra were collected with a JASCO 715 CD spectrophotometer.
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2.2 Time-resolved nonlinear spectroscopy

2.2.1 Introduction to Optical Nonlinearities

Nonlinear optical properties appear as a response of a medium to a strong electromagnetic
field. Optical observables are proportional to the polarization P, which is the macroscopic
response of the matter to an electric field. In a first approximation, the polarization depends

linearly on the electric field E:>°
P(t) = €, xE®) (2.7)

with €, the vacuum permittivity and )((1) the linear susceptibility. However, for a high enough
electric field, this is no longer true. In a perturbative approach, the nonlinear polarization can

be expressed in powers of the electric field:
P(t) =€ [ xVEW® + xPE2(t) + x®E3(0) + ...] = PL(t) + PME(t) (2.8)

with ™ the n-th order electric susceptibility, PL(t) and PNL(t) the linear and nonlinear

polarization, respectively. The PN can be described as a sum of n-th order contributions:>°
PML(t) = €0 [ XPE () + xPEX() + .| =P@(®) + PO() + ... (2.9)

Thus, nonlinear effects can be classified based on their order. We are particularly interested in
third-order optical properties, which are informative about excited states and their dynamics.
The third-order polarization P, which is in turn proportional to the experimental third order
signal $@), can be expressed as the convolution of the nonlinear response function

R®)(ty, t,, t3) with the pulse fields E;(k;,t):%00!

E;i(k;,t) = A;(t — 7,)e =T +kiT41) 4 complex conjugate (2.10)
S (ty, ty,t3) < PO (ty, ty, t3) j dts f dt, j dt; R®(t,, t,,t3)
0 0 0 (2.11)

E(t —t3)E(t —t3 —t,)E(t —t3 —t, — t;)

where the j-th laser pulse is centered at Tj and kj, w, Aj(t), and ¢; are wavevector, carrier
frequency, temporal envelope, and phase of the field. t;,t, and t3 are the time intervals

between interactions.

31



2.2 Time-resolved nonlinear spectroscopy

Therefore, studying these properties requires deploying a spectroscopy sensitive to the third-
order nonlinear polarization. There are different advanced spectroscopies with this

characteristic, one of which is the pump-probe spectroscopy.

2.2.2 Pump-Probe Spectroscopy

The pump-probe technique can give information on the dynamics of the electronic states in
the time domain between about 100 fs and 1 ns. This technique employs the interaction with
two laser pulses, the pump and the probe, with the pump intensity typically noticeably stronger
than the probe one. In this experiment, the pump and probe beams are spatially overlapped
on the sample, and what is measured is the variation of the probe intensity after the sample at
different probe delays to the pump. It is also important to notice that the signal is detected in
exactly the same direction as the probe (figure 2.1).%? 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). As in our case, the probe is often a white
light continuum containing all the spectral components in the Vis range. The measured signal
is given by the differential absorption 4A(T, A) as a function of the time delay (T) and the

probe wavelength (1):%3

AA(T, A) = — loglo( p (T, 4) )) = Ap(T, X) = Ayp(—0, 1) (2.12)

Iyp(—0, 2

with Ip and Iyp the intensity of the signal with or without the pump pulse. Analogously, Ap and

Apnp are the absorbance values in the presence and absence of the pump, respectively.

E
A
‘ ‘i l > time

T

Figure 2.1 Excitation geometry (upper line) and pulse sequence (lower line) for a pump-probe experiment.
Adapted from ref 2.
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Overall, as seen in eq. 2.12, in a pump-probe experiment, the signal is plotted as a function of
a delay time T and the probe wavelength A (figure 2.2a). To compare the experimental
outcome (4A(T, 1)) with the third-order signal S®)and the polarization P®) appearing in eq.
2.11: (i) the first pulse must be seen as carrying two interactions centered at the same time
(ty = 19 and T, = 1, thus t; = 0); (ii) the delay time experimentally scanned must be seen as
the time between the pump and probe pulses (T = 7y — 73 = t,); and the probe frequency (or

wavelength) is related to t3 through a Fourier transform (2m /1 = w = FT(t3)).

-0.01 -
-0.015 -

-0.02 -

10 . ) 600 650
T (ps) 100 s00 %0

A (nm)

fixed Time fixed Wavelength

b) Transient Absorption c) Dynamics

0.01r1

0.010

AA
A

N 0.005}
001}

-0.02 ¢

500 550 600 650 1 10 100
A (nm) T (ps)

Figure 2.2 a) Example of a pump-probe signal collected in this Thesis (PI_hy 3 1, see section 3.2.1, table 3.1).
The differential absorbance AA is plotted as a function of the delay time T and the probe wavelength A, and
visualized through a 2D colormap. b) Transient Absorption spectrum extracted at T = 2 ps. c) Dynamics of the
signal extracted at A = 622 nm (note the log scale on the x-axis).
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2.2 Time-resolved nonlinear spectroscopy

From the overall signal, two different kinds of information can be extracted (figure 2.2). By
fixing the delay time T at a specific value, one obtains the Transient Absorption (TA) spectrum,
at that delay time, as a function of the probe wavelengths (figure 2.2b). Alternatively, the
observation at a fixed wavelength A allows following the dynamics of the signal as a function of

the delay time (figure 2.2c).

To understand the nature of the signals in a pump-probe experiment, it is helpful to consider
the simple case of a sample with two energy levels (ground state, |g) and excited state, |e)).
We also assume that the pump pulse is resonant with the transition |g) — |e), and that the
probe pulse is a white light supercontinuum. At the time 7, = 0, the pump pulse excites the
sample, thus some molecules are promoted from the ground to the excited state. If the probe
arrives at T = 1, the system will absorb less photons than in the absence of the pump pulse.
This produces a negative AA, which, increasing the delay time, recovers to the zero value with
a time equal to the characteristic time of the relaxation |e) = |g) of the sample considered.

This phenomenon is called Ground State Bleaching (GSB, figure 2.3).

Alternatively, the probe pulse can stimulate the relaxation from |e) — |g) giving rise also in this
case, to a negative AA; this phenomenon is called Stimulated Emission (SE, figure 2.4a).
Eventually, in samples with a more complex level structure, the probe can excite the sample
from |e) to a generic higher energy state |f) . This phenomenon is named Excited State
Absorption (ESA, figure 2.4b) and contributes with a positive AA at the wavelength
corresponding to the transition |e) = |f). These contributions, like GSB, will decay to zero as

the system relaxes back to the ground state.

To

Time

Figure 2.3 Time evolution of a two-level system addressed in a pump-probe experiment (upper line) and the
resulting signal output measured as a function of the delay time between pump and probe pulses (lower line).

34



Experimental methodologies
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Figure 2.4 Sketch of a) stimulated emission and b) excited state absorption.

2.2.2.1 Optical setup

Our laboratory is equipped with the home-built pump-probe setup described in figure 2.5. 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 supercontinuum white light in a thin sapphire plate and is
used as the probe. The stronger portion is instead used to generate the pump pulse at 400 nm
via second harmonic generation in a BBO thin crystal. The pump fluence is tuned from 170 to
730 w/cm? using OD filters and its repetition rate is halved to 500Hz through an optical

chopper.

The collimated pump pulse and the focused probe pulse hit the samples in an overlapping
region within the sample. In this region, the pump beam diameter is about 60-80 um and the
probe 20-30 um. The delay between pump and probe pulses is controlled with a motorized
linear stage. The transmitted light is dispersed and directed to a linear CMOS diode array. The
quality of the TA signal, i.e., AA values (differential absorption), 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 homemade Matlab routine. Each measure is repeated at least twice

to verify the reproducibility of the phenomena.
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Figure 2.5 Pump-probe set up built in our laboratory.

2.3 Preparation of the nanomaterials

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

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

2.3.1 Synthesis of gold nanorods

The Au NRs synthesis was performed adopting the method proposed by L. Liz-Marzén et al.®*
This synthesis involves three main steps, performed separately. These steps are: (i) preparation

of the seeds (nucleation), (ii) growth, and (iii) oxidation.
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Preparation of the seeds. In a water bath at 27-30 °C, 4.92 uL of a gold (lll) chloride solution
(HAuUCls, 253.9 mM) and 4.7 mL of a solution of cetyl trimethyl ammonium bromide (CTAB,
100mM) were added to 20 pL of MilliQ water. The mixture was slowly stirred (350 rpm) until
complete dissolution of Au salt. Then, 300 pL of a sodium borohydride solution (NaBH4, 10 mM)
was rapidly injected under vigorous stirring (1200 rpm): the solution color changed almost
immediately from a deep yellow to a light brown, indicating the reduction of gold. After 10-20
seconds the solution was mildly stirred (500 rpm) and stored at 27-30 °C for two hours before

it was used.

Growth. In a water bath at 27-30 °C, 190 uL of hydrochloric acid (HCI, 1M), 19.7 uL of HAuCl,
(253.9 mM) and 80 uL of MilliQ water were added to 10 mL of CTAB solution (100mM). The
mixture was gently stirred until complete dissolution of the Au salt. Subsequently, 120 uL of a
solution of silver nitrate (AgNOs, 10 mM) were added to the mixture. Finally, 100 pL of ascorbic
acid solution (100 mM) were added to the mixture, which was gently shaken for a few seconds.
The color of the solution changes from pale yellow to colorless. At this point, 24 uL of the seed
solution were added to the mixture; the growth solution was shaken (500 rpm) for 30 minutes
and then left undisturbed overnight. The following day the solutions of as-prepared NRs were
centrifuged at 8000 rpm for 30 minutes, redispersed in 1.5 mL of MilliQ water, centrifuged

again at 14000 rpm for 6 minutes and redispersed in 1.5 mL of MilliQ water.

Oxidation. Oxidation of NRs was performed to decrease the aspect ratio, thus to blue shift the
longitudinal plasmon peak. The oxidizing solution consists of a water solution containing HAuCl,
(1 mM) and CTAB (100 mM). This solution was added dropwise (0.1 mL/min ca.), under
magnetic stirring, into a vial containing the as-prepared gold NRs ([Au]=0.5 mM, estimated
through the absorbance value at 400 nm)® and CTAB (100 mM). The solution was allowed to
react at 27-30 °C for 1 hour, under stirring for the first 30 minutes. Then, the solution was
centrifuged twice (9000 rpm for 40 minutes) to remove the excess gold salt and redispersed in
1.5 mL of MilliQ water the first time and in 1 mL of CTAB (15 mM) the second one. The quantity
of oxidizing solution was estimated depending on the position of the longitudinal plasmon peak
desired. This was done assuming roughly a linear dependence between the peak shift (AmeV)

and the final concentration of the oxidizing agent (Au3*).
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2.3.2 Synthesis of the nanohybrids

The general way adopted to obtain hybrid structures of Au NRs and J-aggregates was the
following: different amounts of dye solution were added to 500 uL of an aqueous dispersion of
the gold NRs. Since the quantitative determination of the exact concentration of NRs in solution
is difficult, in order to make reproducible synthesis, the extinction spectra were exploited.
Indeed, we took care that the extinction of the LM in the initial NRs solution before the dye
addition was about 0.2 in a 2mm optical path cell. In some cases, the solutions were centrifuged
to remove the excess of free dye molecules, and the precipitates were redispersed in MilliQ
water. Several samples have been prepared by adding different amounts of dye to the NRs
solution in order to check the dependence of the plexcitonic coupling on the concentration of
the molecules. For each sample, the resulting concentration of the dye in the final volume was
determined. The experimental details relative to the preparation of each sample are reported

in Chapter 3 (see in particular table 3.1)

2.4 Data analysis

The raw data obtained from UV-Vis, CD and pump-probe spectroscopy were visualized,
analyzed, and elaborated with the software Matlab R2020b. Instead, the fitting of the signal
decay dynamics, discussed in section 3.3, was done using the nonlinear fitting app of the
software OriginPro 2022. The errors estimated and reported in the tables of Chapter 3 are the
errors resulting from the fitting analysis. However, from repeated measurement we could also

estimate an error on the time constants in the order of 10-15%.
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Chapter 3
Results and discussion

In this section, two families of plexcitonic nanohybrids are discussed, both based on gold NRs
coated with J-aggregates of organic dyes. The difference lies in the nature of the organic dyes,
which are porphyrins and cyanines. In the first case, we did not manage to get the SC conditions.
On the other hand, however, we obtained three different plexcitonic nanohybrids with two
distinct cyanines. For these samples, linear and nonlinear optical characterization was

performed, and the results are discussed in this section.

3.1 Porphyrin-based nanohybrids

3.1.1 Motivations

As already discussed, plasmonic substrates can act as a cavity with a low volume mode (section
1.2). Furthermore, gold NRs are easy to prepare and their plasmonic resonances are easily

tunable (section 2.3.1). Thereby, they are ideal for our purposes.

About the choice of the dyes to be coupled with the NRs, porphyrin molecules have been
selected in the first instance. Porphyrins are a class of heterocyclic macrocycle organic
compounds composed of four modified pyrrole subunits interconnected at their a carbon
atoms via methine bridges. With 18 r-electrons forming a planar, continuous cycle, porphyrins
exhibit a large conjugated system responsible for a strong absorption in the visible region of
the electromagnetic spectrum.®>%¢ Their absorption band can be theoretically explained by the
four-orbital model introduced by Gouterman.®®®’ Moreover, porphyrins have a remarkable
ability to form molecular aggregates.3®4° These features make them a class of organic dyes
suitable for producing plexcitonic samples. In fact, the narrow and intense absorption band

typical of J-aggregates is ideal for reaching strong light-matter coupled systems (section 1.2).
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3.1 Porphyrin-based nanohybrids

Furthermore, due to its complex optical properties, a porphyrin-based plexciton would ensure
a trickier but wider control of the final optical properties. For example, it has already been
demonstrated that the doubly protonated form of the anionic dye 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin  (H,-TPPS?) associated with gold nanospheres can form a
responsive system 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.®® Obviously, the simultaneous involvement of multiple states can strongly
influence the overall dynamics, and a deep understanding of that could have fundamental
implications for achieving control over energy flow at the nanoscale. In addition, porphyrins are
strongly related to biologically relevant compounds such as chlorophylls. Therefore, porphyrin-

based nanohybrids could have a noticeable relevance in the field of quantum biology.®®

3.1.2 Sample preparation and optical characterization

Based on the abovementioned motivations, we started with 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin (TPPS) and CTAB-capped gold NRs. Figure 3.1 shows the three
different forms that TPPS can assume in water solution. 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 592 and 645
nm. In high ionic strength conditions (obtained for example lowering the pH at ~ 2), Ho-TPPS?"
forms J-aggregates. This is evidenced by the presence of two red-shifted bands at 490 and 706
nm, corresponding to the B-band and Q-band of the aggregate, respectively.’%’3 TPPS* exists

in basic conditions as a monomer and shows an intense B-band at 413 nm.

b)
0.5 I w ‘ :
—pH 11 m-TPPS*
0.4 ——pH3.2mH,-TPPS? ||
— H_-TPPS2
55 pH2 a-H,-TPPS
[%2]
X
@
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Figure 3.1 a) Molecular structure of Ho-TPPS?™ and the pictorial sketch of the different species possibly present
in water solution: free base monomer (m-TPPS*, black), double protonated monomer (m-H2-TPPS%, red) and
aggregate (a-H>-TPPS%, blue). Reprinted from ref 72. b) Extinction spectra of the three species in water solution,
obtained changing the pH conditions.
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Figure 3.2 Extinction spectra of an aqueous (pH ~ 2) solution of bare Au NRs (black) and Au NRs in presence of
different concentrations of TPPS. The spectra are normalized at their maximum value.

The target was to couple the J-band of the aggregate (706 nm) with the longitudinal plasmon
of gold NRs. Thus, we mixed a water solution (pH ~ 2) of gold NRs (LM peak at 666 nm) with
varying concentrations of TPPS dye. Figure 3.2 shows some of the extinction spectra collected.
At low concentrations, there is no evidence of plexciton formation; however, a slight red shift
of LM peak suggests that the TPPS is interacting with the particle’s surface. In fact, the
plasmonic resonance depends on the dielectric constant of the medium &, (section 1.2.2), so
a change in the near surrounding of the particle can induce a variation of the ¢, experienced,
thus, a shift of the plasmonic band. At high concentrations, the NRs suspension becomes
unstable and starts to precipitate. That is probably because the TPPS molecules are capable of
cross-linking; thus, high concentrations of TPPS induce NRs aggregation and precipitation. The

signals observed are related to the residual monomer and aggregate dye in solution.

To overcome this problem, we intended to reduce the TPPS-induced aggregation of NRs.
Particularly, we acted on three parameters: (i) pH (indeed, by increasing the pH, the
aggregate/monomer ratio of TPPS decreases); (ii) concentration of competitor anions (in fact,
these can electrostatically interact with the cationic groups -NHs* exposed by the particle’s
surface, hampering their interaction with the anionic porphyrin); (iii) length of NRs (shorter
particles have less tendency to aggregate and precipitate). With this in mind, we performed
several tests varying the pH (from 2 to 3), the concentration of counterions such as Cl-, SO4%,

NOs", and the aspect ratio of gold NRs. The results are summarized in figure 3.3.
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Figure 3.3 a), c), e) Schemes summarizing some of the tests made with TPPS and gold NRs. In each scheme, the
first cell indicates the peak position of the LM of NRs, the second cell indicates the pH, the third group of cells
indicates the concentration of anions (CI, SO+, NOs), and the last group of cells indicate the range of
concentration of TPPS explored. The red (green) color indicates the precipitation (stability) of NRs. b), d), f)
Extinction spectra of some relevant samples, compared with the spectra of m-TPPS*, m-H.-TPPS® and a-Ha-
TPPS? (purple, green and light blue, respectively).

As stated, we found that lower acidity (pH ~ 3), as well as the presence of competitor anions,
hampers the NRs aggregation. In these conditions, NRs are stable until a TPPS concentration of
about 80 uM (figures 3.3b and d). However, also in these cases, there is no clear evidence of
SC between TPPS and the LM of the particle. Nevertheless, it is worth noting that, in the TM

region (500-550 nm, figures 3.3b and d), there is a feature that resembles the concentration
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trend of a plexcitonic system (UP and LP peaks which move away from each other as the dye
concentration increases). However, it is difficult to unequivocally establish if these signals
effectively originate from an interaction between the TM and the J-band at 490 nm or if they
consist of a mere sum of the spectra of the non-interacting species. A plexciton formed by the
coupling with the transverse mode of metallic NRs has not been observed yet. Thus, this aspect

could be of great interest and further investigation will be done.

As we expected, we also noticed that the aspect ratio has a major influence on NRs aggregation.
In fact, NRs with LM peak at 720 nm aggregate and precipitate at low concentrations of TPPS,
despite the presence of counterions (figure 3.3c). Instead, shorter NRs are stable also at high
TPPS concentrations (figures 3.3e and f). However, no SC was observed again. The strong signal
at 417 nm (figure 3.3f) is the same signal observed in a water solution of only TPPS and CTAB.
In fact, that batch of NRs was obtained through the oxidation step of longer NRs (section 2.3.1),
thus they were dispersed in a water solution of CTAB 15mM. This suggests that the CTAB
concentration also plays a fundamental role as it can interact with the porphyrin molecules.
Not only the concentration, but also the nature of the capping layer affects the supramolecular
interactions between the NPs and the porphyrin molecules.”* Thus, further tests should be

done using different capping layers.

3.1.3 Final remarks about porphyrin-based nanohybrids

In conclusion, while with gold spherical NPs, SC with TPPS can be easily reached,®® no plexcitons
formation was observed with gold NRs. It is obvious that in our experiments we explored a very
limited space of all the possible supramolecular conditions. However, we learned that hybrid
systems based on TPPS and gold NRs require a high control over the chemical parameters to
grant their stability, thus more efforts are needed to reach the SC condition. It is important to
mention that the coupling may also be hampered by an unfavorable relative orientation of
dipoles. The transverse and longitudinal plasmons oscillate along the transverse and
longitudinal directions (section 1.2.2, figure 1.10). If the porphyrin molecules aggregate on the
surface so that their dipole transitions are orthogonal to the plasmon oscillations, there is no
way to achieve a coupling. Therefore, morphological studies of porphyrins aggregated on

metallic NPs could also be helpful to drive new attempts.
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3.2 Cyanine-based nanohybrids

3.2 Cyanine-based nanohybrids

On a second attempt, we shifted our focus to cyanines. Compared to porphyrins, cyanines have
less complex absorption spectra that consist of one main band and, in some cases, its vibronic
progression. This class of dyes easily forms J-aggregates with very narrow and intense bands,
and there is plenty of examples of cyanine-based plexcitons in the literature.”*%74=77 Thus, two
different cyanines (5,5',6,6'-Tetrachloro-1,1',3,3'-tetraethylbenzimidazolocarbocyanine iodide
(JC-1) and 1,1-diethyl-2,2-cyanine iodide (PIC)) were selected for the realization of the

nanohybrids.

3.2.1 Sample preparation and UV-Vis characterization

3.2.1.1 Bare gold nanorods and J-aggregates

PIC (figure 3.4a) is a cationic cyanine that exists as a monomer in ethanol (&4, estimated to
8.0:10* cm* M at 524 nm) and forms J-aggregates in water solution upon addition of sodium
chloride salt and heating. The resulting J-band is very intense and narrow and centered at 574
nm (figure 3.4c). Through analysis of extinction spectra, the FWHM was estimated to be about
18 meV. Similarly, JC-1 (figure 3.4b) is a cationic carbocyanine dye that exists as a monomer at

low concentrations in ethanol with a very high molar extinction coefficient (&,;,4, €stimated to
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Figure 3.4 Molecular structure of a) PIC and b) JC-1. Extinction spectra of monomer and aggregate forms of c)
PIC and d) JC-1.
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2.4-10° cm* M at 517 nm). In water solution, the dye is less soluble and, upon addition of an
ammonium salt, it forms J-aggregates that exhibit a narrow band at 590 nm (figure 3.4d).

Through analysis of extinction spectra, the FWHM was estimated to be about 46 meV.

To achieve SC, gold NRs with the LM nearly resonant with the J-band of the dyes were prepared
as described in section 2.3.1. The extinction spectra of the obtained NRs are shown in figure
3.5. The longitudinal plasmon of the NRs synthesized is centered at 585 nm with a FHWM

estimated to be about 222 meV.
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Figure 3.5 Extinction spectra of bare gold NRs utilized for the hybrids’ synthesis.

3.2.1.2 Plexcitonic nanohybrids

Several samples have been prepared slightly changing the experimental conditions. These
samples have been labeled as ** _hy _n, where the first letters indicate the dye (Pl for PIC, JC
for JC-1 and MIX for the mix of the two dyes) and the final number n indicates the progressive
sample number. All the samples and the associated experimental conditions are summarized
in table 3.1. The first two samples were prepared as follows: small volumes of the dye solution
were progressively added to an aqueous solution containing gold NRs (in the presence of
ammonium for JC-1). The spectra were recorded after 20-30 min after each addition (figure
3.6). Others plexcitonic nanohybrids were prepared by simply adding the final volume of dye
solution to the NRs solutions. The formation of strongly coupled plexcitonic nanohybrids is
proven by the formation of two new hybrid plexcitonic states (LP and UP) manifested by the
appearance of a dip in the broad plasmon resonance (section 1.1). This dip is the clear

manifestation of an avoided crossing point (section 1.1.1, figure 1.2), whose position in
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Figure 3.6 Extinction spectra of aqueous gold NRs before (grey) and after the addition of different amounts of
a) PIC (red) and b) JC-1 (blue). The legend reports the final concentration of the dye added to the water solution
of gold NRs. The spectra are compared with the respective spectra of the aggregated dyes (dotted lines). These
sample are named Pl_hy_1 and JC_hy 1, respectively.

wavelength corresponds with the J-aggregate excitonic resonance (some deviations are a
consequence of the detuning § between plasmon and excitonic resonances). The distance in
energy between the two newly formed peaks can be used to estimate the Rabi splitting Qg
(Chapter 1). From the collected spectra of JC_hy_1and Pl_hy 1, itis clear that the Rabi splitting,
and thus the coupling strength, can be easily tuned by changing the concentration of the dye.
In fact, as described in section 1.1.3, the coupling strength is proportional to the square root of
the number of molecules. Actually, the coupling strength does not increase indefinitely, but it
reaches a maximum. This can be physically interpreted as the saturation of the NPs" mode
volume by the molecules. The signal at 524 nm in the PI_hy_1 spectrum indicates the presence
of PIC also in the monomeric form; this is also observed before reaching the maximum Rabi
splitting. This is because the PIC in water still exists as monomer and would aggregate only in

the presence of high concentrations of salt after heating. This suggests that there is a dynamic
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equilibrium between the monomeric PIC and the PIC aggregated on the particle’s surface. On
the other hand, the same equilibrium for the JC-1 seems to be entirely dominated by the dye

aggregated on the particle surface as no signal of monomer is observed.

Table 3.1 List of all the plexcitonic nanohybrids prepared and characterized in this Thesis. These samples are
named JC_hy_n, Pl_hy _nand MIX_hy_n, where Pl, JC and MIX indicate the dyes (PIC, JC-1 and a mixture of both,
respectively) and n the number of the sample. The table reports relevant parameters for solutions of the
uncoupled components (Au NRs and dyes) and the resulting plexciton nanohybrids.

Au rod Dye Plexcitons

NAME LM 2 Mext.® | PIC® JC1°© up ¢ Lpd Qpc
[nm (eV)] (I=2mm) | [uM]  [uM] | [nm (eV)] [nm(eV)]  [meV]

JC_hy 1 | 585 (2.11) 0.22 —  0.64 | 564(2.20) 611(2.03) 169
JC_hy_2 | 585 (2.11) 0.22 —  0.64 | 562(2.21) 609 (2.04) 170
JC_hy_3 | 585(2.11) 0.58 - 2.3 | 561(2.21) 609 (2.04) 174
Pl_hy_1 | 585 (2.11) 0.22 3.4 — | 558(2.22) 608(2.04) 181
Pl_hy_2 | 585 (2.11) 0.22 1.7 — | 561(2.21) 604(2.05) 156
Pl_hy_37 | 573 (2.16) 0.64 8.7 — | 550(2.25) 592(2.09) 160
Pl_hy_4% | 573 (2.16) 0.67 5.4 — | 553(2.24) 587(2.11) 130
MIX_hy_1 | 585 (2.11) 0.22 2 038 |563(220) 610(2.03) 170
MIX_hy_2 | 585 (2.11) 0.22 1.4 045 | 557 (2.21) 607 (2.04) 183
MIX_hy_3 | 585 (2.11) 0.58 33 1.2 | 561(2.21) 608(2.04) 171

?wavelength (energy) of the longitudinal plasmon (LM) of the rods; ° extinction value of the LM (in an optical
path I=2mm), used as a parameter to quantify the concentration of NPs; © final concentration of the dyes in
solution; ¢ wavelength (energy) of the resulting upper plexciton (UP) and lower plexciton (LP); € Rabi splitting,
obtained from Qg = 2g with g obtained through eq. 1.11 (the Rabi splitting for the MIX_hy_n samples was
estimated simply as the energy difference between UP and LP). ' PI_hy 3 and PI_hy 4 were prepared using a
different solution of gold NRs with the LM resonant with the J-band of PIC aggregates.

The SC condition of plasmon-exciton coupling can be estimated through the FHWMs. In fact,

neglecting the contribution of inhomogeneous broadening, it is verified that (section 1.1.1):
FWHM = 2y (2k) (3.1)

While this assumption is almost valid for the J-bands,3>3¢ the inhomogeneous broadening could

not be neglected in the extinction spectra of metallic NPs. In these conditions, eq. 3.1 leads to
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3.2 Cyanine-based nanohybrids

an overestimated plasmon dissipation rate k, and then an overestimation of the SC condition
(right side of eq. 1.22b). This implies that we are applying more restrictive conditions to decide
if the prepared nanohybrids fulfill or not the SC regime. Under these premises, putting together
equations 1.22b and 3.1, the SC conditions for PIC (JC-1)-based plexcitons are: Qg >
120 (134) meV. The values estimated for Q and reported in table 3.1 confirm that even
using an overestimated value of k, SC conditions are largely fulfilled for all the plexcitonic

nanohybrids.

3.2.1.3 “MIX” plexcitonic nanohybrids

After the realization of PIC and JC-1 based plexcitons, we prepared “MIX” hybrid plexcitons by
adding a mixture of PIC and JC-1 to an aqueous solution containing gold NRs. We wanted to
determine if the optical properties of the mixed plexcitons are different from those of PIC and
JC-1 plexcitons or if the behavior is just additive. The motivation was to understand if it is
possible to modulate the optical properties with multi-dye systems and prove how versatile
and tunable a plexcitonic nanomaterial could be. The extinction spectrum of a mixed plexciton
sample, compared to those of PIC and JC-1 plexcitons, is shown in figure 3.7. Firstly, we
confirmed the plexcitons formation, as evidenced by the splitting of the longitudinal plasmon
into two new bands due to hybrid states. The maximum splitting observed in mixed plexcitons
is comparable to that observed for the other plexcitons (table 3.1). Moreover, it can be

observed that the dip of the mixed plexciton is located in an intermediate position with respect

abs a.u.
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Figure 3.7 Extinction spectra of the mixed plexciton MIX_hy_2 (purple), compared with JC_hy 2 (blue solid line)

and Pl_hy 1 (red solid), the bare gold NRs (grey), and JC-1 (blue dotted) and PIC (red dotted) aggregates.
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to the dip of PIC and JC-1 plexcitons. However, we verified that this feature is kinetically
unstable since the dip tends to move towards the JC-1 dip position, reaching the same value in
a few days. Another interesting observation is that the signal relative to the monomeric PIC
decreases. This observation suggests that the JC-1 may facilitate the aggregation of the PIC on
the particle’s surface. In fact, we believe that the MIX plexciton originated from the interaction
of the plasmon with a mixed aggregate, where PIC and JC-1 molecules are blended and interact
together. Therefore, we think that this MIX plexciton is in all respects different from the other
two plexcitons, with its own spectral features, not originated from the simple coexistence of
different domains of non-interacting PIC and JC-1 plexcitons. This hypothesis is also supported

by nonlinear measurements reported in section 3.3.

3.2.2 Circular Dichroism

Optically active plexcitons have recently been reported in the literature and investigated
experimentally and theoretically.”8> It was observed that when chiral aggregates are placed
near an achiral metal nanostructure, the plasmon-exciton interactions have a profound impact
on the CD response of the hybrid system. This impact is reflected mainly in the following two
aspects: (i) generation of a CD response termed as induced plasmonic CD at the achiral metal
nanostructure resonance and (ii) enhancement of the CD of the chiral J-aggregate. The induced
plasmonic CD phenomenon has aroused greater interest because it indicates that the plasmon-
exciton interaction provides an effective mechanism for achiral plasmonic structures to obtain
optical activity. Thus, also the formation of chiral plexcitons in suitable conditions is expected
to induce new interesting optical behaviors. Therefore, systematic research on the optical
chirality of plexcitonic systems in the SC regime is very promising, also in view of interesting

new practical applications.

Thus, with the aim of obtaining more information about possible chiral properties of our
systems, we performed CD measurements of PIC, JC-1 and MIX plexcitons and the aggregated

dyes as reference.

The investigation of the chiral properties of J-aggregates of organic dyes is per se a highly
debated and still not fully understood matter.8%8” Although both PIC and JC-1 are non-chiral

molecules, it is known that they can give rise to supramolecular chiral arrangements under
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3.2 Cyanine-based nanohybrids

certain experimental conditions, for example by adding a chiral templating agent.8°! Indeed,
the J-aggregates have been proposed to assume a helicoidal cylindrical structure.®? The CD
spectrum results from the chiral arrangement of the transition dipoles and not from an intrinsic
chirality of the molecules. This type of CD effect is described in the literature as excitonic
chirality.®>®* The CD spectra of the J-aggregates of PIC and JC-1 are shown in figures 3.8a and
b, respectively. A non-negligible CD signal was measured in both cases, despite no chiral

templating agents being added.

This is a known feature for helical aggregates of cyanines explained by the assumption that the
enantiomeric symmetry is broken. Indeed, when achiral molecules aggregate in chiral
supramolecular helicoidal structures, right- and left-handed aggregates are present in
approximately identical fractions. For example, for PIC J-aggregates, cryo-TEM images and
electron diffraction®® confirmed that these molecules form thread-like aggregates with a
diameter of 2.3 nm. The molecules are arranged in a 1:1 ratio of left-and right-handed twist
giving a symmetric racemic mixture. Therefore, one must assume that the CD signal is caused
by a slight excess of one of the enantiomers. The large statistical fluctuations of sign and
magnitude of the CD signal for different samples of aggregates (two examples are reported in
figures 3.8a and b) strongly support the assumption of an unspecified enantiomeric excess. This
behavior was also observed for other cyanine aggregates.’> Up to date, the reason for the
symmetry break is not understood, but it seems to be a typical feature of the tubular
aggregates. One explanation could be given based on nucleation and growth kinetics of the

aggregates.8588

Figures 3.8c and d show the CD spectra of the plexcitonic species. We did not observe the effect
of enhancement of the CD signal of the original J-aggregates, but completely different features
were recorded. A weak signal, in correspondence of LP and UP wavelength, was observed, and
its bisignate line shape agrees with the few available literature works.”®”° Indeed, mode
splitting and anticrossing behavior were found in CD spectra, which are a clear signature of
optical chirality hybridization. In both PIC and JC-1 plexcitons, the CD response exhibited a
smaller mode splitting than the corresponding extinction response, also in this case, in
agreement with previous evidence.”® It has been suggested that the mode splitting in the CD
spectrum can be attributed to the strong plasmon—exciton coupling. Moreover, since the

bisignate line shape of the CD response makes it easier to distinguish the hybrid modes, this
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splitting could be used for more reliable quantification of the SC conditions, similarly to the

procedure used for excitonic systems.”?

In the plexcitonic samples, we did not observe fluctuations in sign and magnitude of the CD

signal, which is weak but reproducible among different samples. This might suggest that the

aggregates assume well-defined geometries around the surface of the NRs. This agrees with

the recent observation that the chirality of nanohybrids is related to the specific distribution of
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Figure 3.8 Extinction and CD spectra of a) PIC J-aggregate, b) JC-1 J-aggregate, c) Pl_hy 2, d) JC_hy 2 and e)

MIX_hy_2.
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3.2 Cyanine-based nanohybrids

the dye aggregates in different positions of the NRs (the J-aggregates assembled on both ends

and both sides of the NRs had opposite chirality).”®

Finally, comparing the spectral features of the PIC, JC-1 and MIX plexcitonic nanohybrids, it can
be noticed that the MIX shows a weaker signal and most likely a different pattern. Although the
signal is too weak to make more quantitative considerations, this finding seems to support our
hypothesis that the MIX plexciton is a new plexciton with different proprieties than the PIC and

JC-1 plexcitons.

3.2.3 Final remarks about linear characterization

In this section, we employed linear spectroscopies to confirm the strong plasmon-exciton
coupling formation between Au NRs and J-aggregates of PIC and JC-1. Plexciton formation was
confirmed by the splitting of the longitudinal plasmon resonance into two new hybrid states,
and by the concentration dependence of the energy separation between these states. In
addition, we investigated the nature of the new MIX plexciton. UV-Vis and CD spectra suggest
that the mixed plexciton is a new plexciton with different properties than the PIC and JC-1
plexcitons, and that this could be a consequence of the distribution of the dyes on the surface
of the NRs. In fact, we think that the MIX plexciton originates from the interaction of the
plasmon with a mixed J-aggregate, where PIC and JC-1 molecules interact together. However,
these preliminary analyses are insufficient to discriminate this hypothesis from the coexistence
of different domains of non-interacting PIC and JC-1 plexcitons. Thus, more advanced
characterizations, such as nonlinear spectroscopy, are needed to give more consistent
evidence. Furthermore, we also checked the chiral response of the plexcitons by CD
spectroscopy, inspired by recent studies that suggested a broader range of exciting applications
for optical chirality in plexciton nanohybrids. While further investigations must be performed
to achieve better spectra, our preliminary results are very promising and indicate optical

chirality as a new powerful tool for further exploitation of the SC regime.
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3.3 Nonlinear optical characterization of cyanine-based
nanohybrids

A brief overview on plexcitons and polaritons dynamic was made on section 1.2.3. In an attempt
to provide additional information to the still puzzling issue of plexciton dynamics, one of the
aims of this Thesis is to characterize and compare the dynamics of the plexcitonic nanohybrids
obtained with different cyanines. This was achieved by measuring the TA spectra by pump-
probe spectroscopy. However, to properly understand the plexcitons dynamic behavior and to
identify the features emerging only upon the establishment of SC between the NRs and the
molecular dyes, the preliminary study of the dynamic behavior of the uncoupled species (NRs
and molecular J-aggregates) in the same experimental conditions was necessary. These data

were taken as a reference for the investigation on plexciton systems.

3.3.1 Optical nonlinearities of PIC and JC-1 J-aggregates
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Figure 3.9 Characterization of the ultrafast dynamics of the J-aggregates of the considered molecules. Panels
a and b depict the experimental results obtained in this Thesis on PIC J-aggregates, while panels c and d reports
literature results measured on JC-1 aggregates (adapted from ref *%). a) TA spectra of PIC J-aggregates at
different values of delay times. b) Signal decay extracted at a probe wavelength of 583 nm, pinpointed by the
circle in panel a. c) TA spectra of JC-1 J-aggregates at different values of delay times. d) Signal decay extracted
at a probe wavelength of 590 nm, pinpointed by the circle in panel b. Notice that signal is normalized at a
positive value.
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TA spectra of the PIC J-aggregated were collected and the results are shown in figure 3.9a, while
figure 3.9b shows the signal decay extracted at 583 nm, corresponding to the position
pinpointed by the circle in panel a. The pump pulse was centered at 400 nm with a fluence of
169 w/cm?. The TA spectra of the JC-1 J-aggregated could not be collected in this work because
of photostability problems of the dye in our experimental conditions. Therefore, we show in
figures 3.9¢c and d the data found in literature.”® In that work the authors performed pump-
probe measurements with a pump pulse at 2.1 eV (590 nm, resonant to the J-band) with a

fluence of ca. 17 w/cm?, which is ten times smaller than that in our experiments.

Both PIC and JC-1 J-aggregates show the same nonlinear features: a strong GSB in proximity of
the J-band (583 nm/2.13 eV for PICand 590 nm / 2.10 eV for JC-1), and a blue shifted ESA (578

nm/2.15eVforPICand 571 nm/2.17 eV forJC-1). These phenomena can be easily rationalized

as follows:

(i) The excitation pulse populates the one-exciton state, therefore, within the one-
exciton lifetime, the transition probability to this state reduces and the transmission
in the corresponding spectral region increase (GSB).

(i) Additionally, a two-exciton state can be reached from the one-exciton state upon

interaction with the probe pulse, thus the differential absorption is enhanced (ESA).

Typically, ESA in J-aggregates lies at higher energies than the GSB energy.®®

The study of the differential absorption as a function of the delay time allows investigating the
relaxation kinetics of the exciton states. The dynamics of the GSB of the PIC has been fitted
using a three-exponential decay model, neglecting the first 100 fs to exclude pulse overlap

effects:

t t t
AA = AAg + Aje 1+ Aye T2+ Aje T (3.2)

with AA, the background value at t = oo, A; the pre-exponential factors and t; the time

constants. The time constants obtained are shown in table 3.2.

Table 3.2 Time constants resulting from the data fitting (figure 3.1b), with the associated errors.

T4 (ps) T, (ps) T3 (ps)
PIC < 0,150 * 3,9+0,7 38 +4

*Non quantifiable because comparable to the pump pulse duration.
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The first fast decay time is not quantifiable in our experimental conditions because in many
measurements it falls at times comparable to or shorter than the pump pulse duration (< 150
fs). The associated process can be identified and ascribed to the ultrafast relaxation of two-
exciton states following the photoexcitation at 400 nm.*”%8 The second time constant of a few
picoseconds is attributed to the exciton-exciton annihilation process °/~°2 and the third one can

be ascribed to the exciton lifetime of the PIC J-aggregated.®®100-102

According to the data published in ref °® and reported in figures 3.9¢c and d, the dynamics of JC-
1 J-aggregates is similar to the other cyanine. The decay of the GSB signal has been fitted with
a two-exponential model, but only the value of the first fast decay was reported (estimated at
about 0.5 ps (figure 3.9d)). The lack of more precise information in the literature about JC-1
aggregates nonlinearities did not allow us to rationalize this fast decay and to say more about
the others contributes. In any case, a thorough interpretation of the relaxation dynamics of JC-
1 aggregates goes beyond the scope of this Thesis. Here, we are just interested in knowing their

qualitative time-dependent behavior for a comparison with the plexciton dynamics.

3.3.2 Optical nonlinearities of gold nanorods

The nonlinear response of gold NPs is governed by the damping mechanisms of plasmons
(section 1.2.2). Dephasing of the plasmon resonance deposits energy into the electron
distribution, creating excited electrons, that are spread over different levels in the conduction
band. These excited electrons dissipate energy into the electron gas increasing its temperature.
This is followed by a rapid thermalization between electron and phonon gas. Finally, the entire
particle exchanges energy with the surrounding medium. Energy can also be deposited into the
electron distribution by exciting the interband transitions instead of directly exciting the
plasmonic resonance.31% The threshold energy for interband transitions is about 2.4 eV for

Au.

We performed pump-probe measurements of bare gold NRs with Amax at 585 nm. The excitation
pulse was set at 400 nm, where the interband transitions of Au bulk occur, and with a power
density of 170 wJ/cm?. Figure 3.10a shows the TA spectra at different delay times after the

pump, while in figure 3.10b the corresponding bidimensional representation is illustrated.
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Figure 3.10 a) TA spectra of bare gold NRs at different delay times. b) Colormap of transient spectra of gold
NRs. (c-d) Time traces extracted at wavelengths corresponding to the transverse and longitudinal peaks. Notice
the break in the time axis at 10 ps.

For any delay time, the differential absorption is negative in the spectral range of both plasmon
resonances (TM and LM at 514 and 578 nm, respectively). The positive signal at higher
wavelengths, around 650 nm, could be a consequence of the excitation at the interband
transitions. In fact, this phenomenon is generally observed only in pump-probe experiments
with pump energy above the threshold energy for interband transitions.'®* This could also

explain the small blue shift observed at the LM signal (figure 3.10b).

When commenting the origin of the signals appearing in the TA spectra of plasmonic NPs, it
should be stressed that, strictly speaking, the negative signals at the TM and LM spectral
positions are not entirely attributable to GSB. Indeed, plasmons refer to collective oscillations
of the conduction electrons and therefore it is not entirely correct to speak about “ground” and
“excited states” like for molecular samples. The nonlinearities giving rise to such negative
signals has been explained mainly by the increase of the homogeneous linewidth as a
consequence of the increase of temperature of the electron gas promoted by the pump

excitation.”®
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However, there is an analogy between this nonlinear effect and the GSB of molecular systems.
In fact, both phenomena give rise to similar response and are associated to a relaxation
phenomenon. In the molecular case the relaxation is a recovery of the ground state population,
while, in the metal NP the relaxation is the thermalization of the particle to the equilibrium
conditions. Therefore, for simplicity, when we will discuss the nonlinearities of plexcitonic
states, which are states with a mixed plasmonic and molecular character, we will adopt the
“molecular” terminology, that is GSB, ESA or SE, with the awareness that the phenomena

associated could have a different origin.

Figures 3.10c and d represent the time traces extracted at the two different peaks, the TM and
the LM, respectively. With little differences, the two dynamics are comparable and show the
same trend: the signal rises to its maximum value within the first 500 fs, then it decays with
two different time constants of the order of 2-3 ps and 200-300 ps. These dynamics are
compatible with the damping mechanism already documented in the literature and discussed
above.'? Therefore, the traces have been fitted with an equation that reflects the nature of this

relaxation mechanisms:193

t _ t _L _ t
AA = Ay + Ay (1 - e‘E) e Te-vh + A, (1 —e fe—e) e Tph-enw (3.3)

with AA, the background value at t = oo, and A; the pre-exponential factors. As described in
section 1.2.2.2, the three time constants (i) Te—e, (ii) Te—pn, and (iii) Tpp—eny are related to: (i)
electron-electron scattering,'® which takes place after the plasmon resonance dephasing, and
which enhances the electron gas temperature; (ii) electron-phonon scattering,>1% which
describes the electron thermalization; (iii) phonon-environment interaction,'%>1% that is the
heat dissipation process. This model is called raise-decay-decay (RDD) because a raising
exponential is convoluted to the sum of the exponential decays. To obtain more robust results,
the fitting was performed with a global procedure, by fitting simultaneously the time traces at
wavelengths around the peak position with shared time constants. The results are shown in

table 3.3

Table 3.3 Time constants resulting from the fitting of the traces at the TM and LM peaks of gold NRs (figures
3.10c and d), with the associated errors.

Te_e (PS) Te—ph (ps) Tph—env (ps)
™ 0,34 + 0,02 2,58 + 0,10 222 + 34
LM 0,11 + 0,02 1,99 + 0,10 233+ 22
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3.3.3 Optical nonlinearities of plexcitons
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Figure 3.11 a), ¢), e) The transient spectra at different delay times of Pl_hy 3 1, JC_hy 3 3 and MIX_hy 3 1

respectively, and b), d), f) the associated 2D colormaps.
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We performed pump-probe measurements of PIC, JC-1, and MIX plexcitons. Considering that

we prepared different replicas of the same sample and on each of them different repetitions

of the pump-probe measurement were recorded, | will refer to these samples with the

acronyms Pl_hy n_m, JC_hy n_m and MIX_hy n_m, respectively, with n the number of the
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sample and m the number of the measure on that sample. For a detailed description of the
sample preparation see section 3.2.1, table 3.1. Below we report the result of the more
significant samples. All this samples fulfil the SC conditions. JC_hy_3 and MIX_hy 3 were
prepared with the same Au NRs used as reference, with the LM nearly resonant with the JC-1
J-band. Instead, PI_hy 3 and PI_hy 4 were prepared with a different Au NR, with the LM nearly
resonant with the PIC J-band. The measure was done with a pump pulse power density around
170 w/cm? (184 w/cm? for PI_hy 3) and centered at 400 nm. The transient spectra and the
respective 2D colormaps of some samples are illustrated in figure 3.11. All the samples show a
negative signal in proximity of the TM, UP and LP bands, with some differences in the relative
intensity. Using the molecular terminology commented above, these signals can be identified
as due to the GSB of the corresponding transitions in the linear extinction spectra. In addition
to this, there are two positive signals at wavelength red-shifted from the LP and blue-shifted

from the TM.

Firstly, we focused on the GSB signals and their dynamics. At a first sight, these dynamics
resemble those of the pristine NRs, i.e., a fast rise with a time constant of the order of 0.1-0.4
picoseconds, a first decay of a few picoseconds and a longer decay with a constant of hundreds
of picoseconds. The behavior at early times (<10 ps) is similar to the one found for the NRs
samples (see table 3.3). This is not surprising considering that the experiments have been
performed in “off-resonance” excitation conditions, where the pump wavelength, set at 400
nm, predominantly directly excites the sp-to-d bulk interband transition of gold NRs. Therefore,
we hypothesized, under the current experimental conditions, that the ultrafast dynamics of
plexcitons in the first 10 ps are more “plasmon like”, while the response on the longer timescale
(>10 ps) is more peculiar of plexcitonic samples.>* Therefore, as a first attempt, we try fitting
the GSB time traces using the same RDD model used for bare NRs, paying most attention to the

longest time constant, that we labelled as Tp;¢y. The fitting model becomes:

b\ -t _ty -t
AA = AAy + Ay (1 — e'ﬁ) e Tevh + A, (1 —e fe—e> e Tplex (3.4)

Also in this case, to obtain more robust results, the fitting was performed with a global fit of

the time traces at wavelengths around the peak position sharing the time constants.

The TM signal falls at around 525 nm for all the samples. From the 2D colormaps (figures 3.11d

and f) it seems like the signal blue-shifts up to ca. 500n nm in hundred ps timescale and that
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3.3 Nonlinear optical characterization of cyanine-based nanohybrids

persists for long time. We think that the blue-shift could be an effect caused by the baseline
correction, and the fact that data are a bit noisy makes this systematic error more evident.
However, TM is the uncoupled plasmon and thus we do expect properties entirely analogue to
the uncoupled NRs plasmons. For this reason, we are less interested on that specific spectral

region.

Let’s now move our attention on the UP dynamics, which lies at about 570 nm for JC_hy and
MIX_hy, and about 560 for PI_hy (figure 3.11). Figure 3.12 shows the normalized time traces of
three samples PI_hy 4 1, JC hy 3 3 and MIX_hy 3 1, and their respective fitting curves
obtained by using eq. 3.4. The RDD model fits well the UP time traces, and the resulting time
constants for all samples are summarized in table 3.4. As we expected, the two early time
constants describing the dynamics <10 ps resemble the NP 7,_, and T,_pj. Interestingly, we
found that the 7., Of the mixed hybrid falls between those of JC_hy and PI_hy (table 3.4 and
figure 3.13). This is a crucial piece of evidence to assess the microscopic properties of the mixed
samples, as anticipated in section 3.2. If the MIX hybrid consisted of isolated domains of JC-
hybrid and PI-hybrid, then its time-dependent signal would be just the sum of the two
contributions. To rule out this hypothesis, we also tried to fit its UP dynamics by using a sum of
two exponentials where we fixed the values of the two T, constants at the PI_hy and JC_hy
values. In this case the fit did not converge confirming that the signal cannot be expressed as
the mere sum of the PI_hy and JC_hy contributions. This suggests that the electronic structure
of the mixed hybrid is actually described by plexcitons where both PIC and JC-1 molecules
interact together with the plasmonic mode, probably because the NRs is able to template the

formation of a mixed aggregate.

These findings prove that plexcitonic nanohybrids are materials that promise a high control
over the final optical properties. In this specific case, we found that it is possible to tune an
optical property, i.e., the long-time decay constant Tp,,, by simply using a mixture of different
dyes. This opens possible interesting perspectives for effectively exploit the SC to modify rates
of molecular processes and chemically relevant reactions. Indeed, the possibility of control the
lifetime of excited states could allow better exploitation of the energy of the excited states to

promote relevant photochemical reactions.
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Figure 3.12 a) Time traces of the UP of JC_hy 3 3 (blue), PI_hy 4 1 (red) and MIX_hy_3_1 (purple) and their
respective fit curves. The data are normalized at their maximum. Notice the break in the time axis at 10 ps. B)
The time window between 10 ps and 600 ps is zoomed to highlight the long-time decay of the three different
hybrids. The fits help to see the differences and show that the mixed hybrid long decay time falls between the
long decay time of the other samples.

Te—e (PS)  Te—pn (PS) | Tpiex (PS)

JC_hy 3.1 | 0174001 218+007 | 105+16
JChy32 | 0164001 1694005 | 192+28
JC_hy 3.3 | 0174001 2324005 | 166+43
PlLhy 3.1 | 031+001 1,84+002 | 468+68
PlLhy 4.1 | 024+001 203+003 | 553+82
MIX_hy 3.1 | 032+002 1,66+004 | 292+39
MIX_hy 3.2 | 029+002 1,69+0,04 | 311+34

Table 3.4 Time constants resulting from the fitting of
the UP traces for the different samples. The Tplex
constants, with the respective errors, are highlighted in

red in the last column.
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Figure 3.13 Graphic representation of the Tplex
constants obtained for the different nanohybrids.
Notice that Tpex of the mixed hybrids have an
intermediate value between the Tpex of JC-1 and PIC
hybrids.

Let’s now move to the dynamics recorded at the LP position. LP peak falls at about 610 nm for

JC_hy and MIX_hy and about 595 nm for PI_hy. The intensity of the LP GSB of the PI_hy samples

was in general too weak to allow a quantitative analysis, therefore we will refer to data obtained

for the same sample, PI_hy 3, but measured at high pump fluences (820 p/cm?). The time

traces are shown in figure 3.14. As for the UP traces, we observed the uncoupled NRs behavior

for the first 10 picoseconds, with the characteristic T,_, and T,_pp times. However, it is worth

noting that the T,_p, of PI_hy_3_2 assumes a higher value because of its pump fluence

dependence.?’ Instead, these dynamics are not well fitted by the RDD model (eq. 3.4) because
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3.3 Nonlinear optical characterization of cyanine-based nanohybrids

of the appearance of an interesting new feature, absent in the control samples. An additional
rise time is indeed observed after about 10 ps (highlighted by the arrows in figure 3.14).
Therefore, a new fitting model, that consider this new feature, was adopted, and the additional

time constant is labelled 7,;g:

N _ty ¢
AA = Ay + Ay (1 - e‘E> e Te-vh + A, (1 —e frise) e Tplex (3.5)

The resulting fitting curves and the respective time constants extracted are reported in figure
3.14 and table 3.5, respectively. The new 7,;s. assumes values between 10 and 50 ps. This rise
of the LP GSB signal could be related to an increase of the LP population, promoted by an
additional new mechanism that transfers energy to the LP state. The simplest hypothesis that

the state is populated directly from the UP is not upheld by analyses of the UP dynamics, which
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Figure 3.14 Time traces of the LP of a) PI_hy_3_2 (red), b) JC_hy 3 3 (blue) and MIX_hy 3 1 (purple) and their
respective fitting curves. Notice that Pl_hy 3 2 measure was performed with a pump fluence of about 820
w/cm?. The data are normalized at their maximum. The arrows highlight the time rise observed after about
10 ps. Notice the break in the time axis at 2 ps.
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Table 3.5 Time constants resulting from the fitting of the LP traces for the different samples. The values of the
Trise CONStants, with the respective errors, are highlighted in red in the last column.

Te—e (PS) Te—ph (ps) Tplex (ps) Tyise (PS)
JC_hy_3_2 0,12 + 0,02 2,11 + 0,08 200 + 17 15+2
JC_hy 3_3 0,23 £ 0,02 2,04 £+ 0,06 255+ 20 17+ 2
Pl_hy _3_2 0,19 £ 0,01 4,80 + 0,05 428 + 25 46 + 4
MIX_hy_3_1 0,13+ 0,01 2,17 +£ 0,05 210+ 18 21+4
MIX_hy_3_2 0,63 + 0,09 1,57 £ 0,09 142 + 23 36 + 10

does not show a corresponding decay time (figure 3.12a). Thus, to explain this phenomenon is
necessary to invoke the DSs.t827.28108-111 DSs gre optically inactive states, formed in the
nanohybrid as a consequence of the various symmetry of the interactions between a large
number of molecules and the plasmon mode (section 1.1.3). They are populated from higher
energy states (including UP) in an ultrafast timescale (<100 fs)?* and, because of their high
density, they can efficiently act as a sink of excitation from plexcitons, affecting in a significant
way the overall dynamics of nanohybrids. The density of DSs (DOS) should be maximum at the
dip position opened in the broad plasmon resonance upon plexciton formation (section
1.1.3).1823 Based on that evidence, we analyzed the time traces near the dip position to verify
the presence of dynamics compatible with the hypothesis of population of LP from the DSs.
Let’s assume the presence of a relaxation dynamics from DSs to LP. Considering that DSs get
populated at early times from higher energy states,?® an ESA from DSs to higher energy states
is possible. This signal would be proportional to the population of DSs, therefore, the signal at
dip position would decay following the relaxation of DSs. Thus, if in the DSs ESA dynamics a
decay time is observed, which is compatible with the rise time seen in the LP GSB dynamics,

then it is reasonable that the energy which populates the LP state come from the DSs.

Coming back to the dip position, in this spectral range there are several contributions to the
signal: (i) GSB of UP, (ii) GSB of LP and possibly the (iii) ESA from the DSs to high-energy levels.
The first two contributions produce negative signals, while the third one give rise to a positive
signal. The sum of these three contributions lead to signal values close to zero, whose
characterization is particularly challenging. To simplify the analysis, we selected wavelengths
slightly blue-shifted with respect to the dip, where the contribution (ii) can be considered
negligible. Also, based on the analyses described before, we expect that the dynamics mainly

resemble the UP behavior (contribution (i)) at early (<10ps) and long (>100ps) times, and the
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Figure 3.15 a) Mediated time trace of JC_hy 3 2 at the dip position (571-576 nm), and the respective fitting
curve. Notice the break in the time axis at 10 ps. The fitting parameters are reported in the table inset. Given
the high level of noise, the associated errors are particularly high, preventing any reliable quantitative
discussion; therefore, we consider these values only for a qualitative analysis. b) Graphic representation of the
fast decay from UP to DSs, favored by their large DOS, followed by a slower population of LP from the DSs.
Reproduced from ref 3.
ESA decay (contribution (iii)) at intermediate times. We then focused our attention on the
dynamic behavior for times >10 ps, and the results of the corresponding fitting are shown in
figure 3.15a. We found two times constants, the first one (with a positive pre-exponential

factor) can be associated with the ESA decay and the second one (with a negative pre-

exponential factor) with the slow decay time (Tp;.) already seen in the UP state.

We want to stress that, because of the high level of noise and the fact that the signal is very
close to zero, the errors associated with the extracted time constants are particularly high and
prevent any reliable quantitative discussion. Nonetheless, a qualitative analysis is possible, and
it suggests that the shape of the time trace is consistent with the behavior just described. Thus,
we can conclude that, together with other evidence in literature,'®?3112 these data contribute

to support the hypothesis of a population of the LP state from the DSs (figure 3.15b).

The last phenomenon that will be discussed in this section is a time-dependent blue shift
observed for the LP signal (figure 3.16). One possible explanation relies on the Rabi contraction
upon excitation (section 1.2.3.1). In fact, because of Rabi contraction, the differential
absorption signal is expected to assume a derivative-like shape with a positive signal between

the two bands (LP and UP). Thus, the respective peaks appear shifted (figure 3.17a). Indeed, if
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there is a contraction of the Rabi splitting, then the two peaks associated with UP and LP in the
TA spectra (dashed line in figure 3.17a) move away one from each other. When the molecules
relax back, the contraction is over and the peaks recover their initial position. Time-dependent
Rabi contraction was already observed in plexcitonic nanohybrids based on gold NRs and JC-
1.°% This phenomenon, however, was over within the first ps, i.e., the exciton lifetime. Instead,
the blue shift observed in our data lasts for much longer times (>20 ps), suggesting a different
origin. Itis also worthy highlighting that the reason why we did not observe the Rabi contraction
features recorded in ref *° could be because of our particular experimental conditions. Indeed,

our pump excitation was set at 400 nm, in resonance with the plasmon resonance of the NRs
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Figure 3.16 2D colormaps of the TA measure of JC_hy 3 3 and MIX_hy_3_1 respectively, zoomed at the LP
signal position. The arrows pinpoint the time-dependent blue shift of the negative GSB signal of LP.
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Figure 3.17 Graphic representation of a) the Rabi contraction after pump excitation, and b) the sum of a
negative GSB and a positive ESA signal. Both the effects produce derivative-shaped bands with the peaks that
‘apparently’ shift. These curves were built using Lorentzian functions.
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Figure 3.18 Energy structure of the one- and two-particle states in the TC model for a resonant cavity of
frequency w. Light-matter states with only excitons (|e;, 0), |e;e;, 0)), only photons (|G, 1),|G,2)), and one
exciton and one photon (|e;, 1)) are plotted at their respective energies. The coupling of states with one exciton
and no photon (E = hw; left) to states containing no exciton and one photon (E = hw; right) creates one-
particle states, and the coupling between states with two excitons and no photon (E = 2hw, left), one exciton
and one photon, and no exciton and two photons (E = 2hw;, right) give rise to two-particle states. LP (2LP) and
UP (2UP) denote lower and upper polaritons in the one(two)-particle manifold. DLP and DUP are two additional
states in the two-particle states, which are dark from the one-particle polariton states. Dipole-allowed
transitions are shown as arrows (red and blue correspond to transitions at or close to the energy of LP and UP,
respectively). Adapted from ref *&.

and not with the plexciton bands. As already discussed previously, in these conditions
phenomena related to the particles dominated the first 10 ps dynamics and likely covered the

Rabi contraction response.

A more realistic interpretation of the blue shift could be found considering the contribution of
ESA signals. Indeed, when a negative band (GSB) is partially overlapped with a positive band
(ESA), the resulting signal consists of a band with a derivative-like shape with the two peaks
apparently shifted and separated by a greater distance (figure 3.17b). Therefore, the time-
dependent blue-shift of the GSB could be the result of an additional positive signal (ESA),
centered at higher wavelength, that is increasing with respect the to negative signal (GSB) over
time. Alternatively, the same effect can be produced by an additional positive signal (ESA), at

lower wavelength, that is decreasing with respect to the negative signal (GSB). Very
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interestingly, the second hypothesis is in agreement with the mechanism of population of LP
from the DSs discussed above. In fact, the simultaneous ESA decay of DSs at the dip position,
matched by the GSB rise at the LP wavelength, is compatible both with LP blue shift and LP
population from DSs. Clearly, because of the complexity of the spectral response, is very hard
to identify with certainty the phenomena really responsible of this behavior. In fact, also the
NP, which contributes to the positive signal around 650 nm (figure 3.10a), could contribute to
induce a blue shift of the LP peak in the same way. Thus, further focused experiments are

necessary to support our interpretation.

It is also important to discuss the nature of the higher energy states reached after the ESA.
These states can be described by using the many-body polariton theory!®?® (section 1.1.5) in
which also ‘two-particles’ states are taken into consideration. The illustration taken from ref 18,
in figure 3.18, shows a schematic representation of the states generated by light-matter
interaction and the possible dynamics developing upon excitation. It is outlined that ESA can

involve transitions from UP, LP and DSs to those states originated by two-particle interactions.

In addition to this, also the energetic disorder plays a key role,> increasing drastically the
overall number of states to the point that it should be more correct speaking about density of
states, instead of single states. Obviously, this comprehensive picture makes possible a huge
number of energy pathways, which involve a great number of states, and that make us fully

aware of the enormous complexity that stands behind these plexcitonic nanosystems.

3.3.4 Final remarks about plexcitons nonlinearities

We analyzed the optical nonlinearities of different plexcitonic nanosystems through pump-
probe spectroscopy. We observed dynamics that at early times (<10 ps) resemble the bare
NPs’ behavior, while in the long scale times show interesting features, typical of plexcitons

formation.

The first important result was to find that the kinetics of the MIX hybrids cannot be described
as the mere sum of those of JC-1 and PIC based systems, supporting the formation of mixed
plexciton resonances. Although further work must be done to support this hypothesis, these

are very promising data which show that it is possible to engineering a material with desired
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optical properties acting on chemical parameters such as, in this case, the relative

concentrations of two different dyes.

Then, we found two particular nonlinear behaviors: (i) a rise of the LP population after about
10 ps and (ii) a blue shift of the LP peak as a function of time. These two phenomena can be

rationalized invoking the presence of Dss and two-particle states.

The important final remark is that all the experimental findings suggest that plexcitons’
dynamics is much more complicated than what expected based on the easy picture of a
downhill energy cascade from UP to DSs and then to LP. When DSs, two-particle states and
energetic disorder are taken into consideration, the number of states involved increase
drastically. Thus, it is likely that all these states take part in a more complex process of energy
redistribution, as recently demonstrated also for porphyrin based nanohybrids.”* Therefore,
the characterization of the dynamics involved in plexcitonic systems is really challenging and
remain still largely underexplored in the literature. For this reason, further work is necessary. A
way to gain more detailed information is to make on-resonance experiments, or better, to

adopt more advanced spectroscopies, such as bidimensional spectroscopy.
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Conclusion and future
perspectives

The work presented in this Thesis fits in the vast research field of nanomaterials for the
exploitation of light-matter coupling. The tremendous potentiality of plexcitonic nanomaterials
rises from the possibility of designing their optical properties through coupling with light.
Gaining intimate control over this coupling allows engineering materials with different
functionality that can have applications in many fields. To attain this control, complete and
thorough knowledge of the properties of plexcitonic systems must be preliminarily achieved.
However, several fundamental aspects of the design, the dynamics and the structure-

properties relationships of these nanohybrids are still unknown.

To fill this gap, in this Thesis we designed different plexcitonic systems in a controlled and
reproducible way and characterized their optical and photophysical properties with both linear
and nonlinear spectroscopies. The motivations driving this work were to: (i) find the suitable
conditions to get strong coupling between plasmonic substrates and different molecular
moieties; (ii) prove the high versatility of plexcitonic-based materials by identifying
relationships between the structure and the dynamics of these systems; (iii) gain an in-depth
knowledge over both linear properties and dynamics of plexcitonic nanosystems. Thus, the

results of this Thesis can be classified according to these three main objectives.

We explored the strong coupling conditions between gold nanorods and two classes of organic
dyes, porphyrins and cyanines. As regards porphyrins, we tried with TPPS, already known to
strongly couple with gold nanospheres. We learned that with nanorods instead, much more
efforts are necessary to optimize the supramolecular interactions and maintain the solution
stable. In addition, it cannot be fully excluded that the incorrect dipoles’ orientation could
hamper the interactions. Thus, further work must be done to explore the most suitable
chemical conditions to get plexcitonic nanosystems with porphyrins and gold nanorods, and a
morphological analysis could also be helpful. The situation was different with cyanines. We

verified that PIC and JC-1 molecules easily self-assemble in the form of J-aggregates on the
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nanorods’ surface and the resulting suspensions are stable. Therefore, strong coupling with
both cyanine dyes was reached; in addition, plexcitonic nanohybrids including both dyes

simultaneously were also designed and easily obtained.

The UV-Vis characterization confirmed the plexcitons formation by the appearance of a Rabi
splitting that fulfilled the SC conditions in all the cases. Then, inspired by recent studies on the
optical activity of strongly light-matter coupled systems, we also performed circular dichroism
measurements, suggesting that optical chirality could be a powerful tool for better
understanding the strong coupling regime. Finally, we analyzed the optical nonlinearities of the
plexcitonic nanosystems through pump-probe spectroscopy. We observed two interesting
nonlinear features: (i) a rise of the lower polariton population after about 10 ps and (ii) a blue
shift of the lower polariton peak as a function of time. Beyond the detailed interpretation of
these features, the point we want to underline is that, because of the vast number of states
involved when dark states, two-particle states and energetic disorder are taken into
consideration, plexcitonic systems have dynamics much more complicated than what expected
based on the easy model of a downhill energy cascade from upper polariton to dark states to
lower polariton. Therefore, the study of plexcitonic dynamics is really challenging, and much
work is still needed. For this purpose, more advanced spectroscopies, such as bidimensional

spectroscopy, can be employed for a more in-depth analysis of ultrafast dynamics.

Also the characterization of the MIX plexcitonic nanohybrids provided exciting results. We
designed this mixed plexciton to verify if it is possible to tune some properties of the plexcitonic
nanosystems by acting on the composition of the organic fraction. Thus, the ensuing
characterization was aimed at comparing these mixed systems with the others based on PIC
and JC-1 only. For this purpose, it is also necessary to establish the nature of this mixed system.
Mainly, we investigated if it consists of i) a new plexciton with different characteristics
originating from the mutual interaction of JC-1 and PIC with the nanoparticle; or (ii) the mere
coexistence of different domains of non-interacting JC-1 and PIC plexcitons. Interestingly, both
the preliminary linear characterizations and the following nonlinear time-resolved
measurements are consistent with the first hypothesis. Indeed, we found that the relaxation
kinetics of the mixed hybrids cannot be described as the mere sum of those of JC-1 and PIC

systems. These are very promising data that show that it is possible to tune an optical property
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acting on chemical parameters such as, in this case, the relative concentrations of two different

dyes.

To conclude, further work on analogous systems must be done to confirm the results of this
Thesis. However, the preliminary results exposed here represent a significant stepping stone
towards a more conscious plexcitons design and a better understanding of their photophysical
behavior, and they can significantly contribute to the development of innovative devices based

on plexcitonic materials.
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