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INTRODUCTION

The worldwide increasing demand for energy of the last century has driven the scientific

interest toward the research in photovoltaic materials and devices, in order to develop

a valid alternative to fuel sources. One of the most challenging goals is the achievement

of a satisfactory efficiency of sunlight conversion into electricity. Up to now, Silicon

solar cells are the most functional devices, which can reach 30% conversion efficiency

[1,2]. However, the unfavorable production cost and the need for diversifying the energy

production methods, oriented the research towards other materials and methods that

may offer lower cost, high flexibility, and large-scale production feasibility.

In the past two decades, alternative renewable photovoltaic technologies have started

receiving rising interest, and the Organic Photovoltaic (OPV) research has achieved

important milestones, passing from the 1 % yield in 1995 to 11 % yield in 2011 [3–5].

OPV devices are made of low-cost organic polymers and molecular compounds, re-

sponsible for the sunlight capture, Energy Transfer (ET) and energy conversion into

electricity.

Dye Sensitized Solar Cells (DSSCs) have already become devices for industrial pro-

duction, even if the overall efficiency is still unsatisfactory [5, 6]. Therefore, research

concerning their improvement is still active and mainly focused on the synthesis and

testing of new organic dye sensitizers that are responsible for sunlight absorption. Up

to now, the ruthenium polypyridyl dye N719 has reached the maximum efficiency of

11 % [3, 7, 8], even though it shows the disadvantage of being expensive and polluting

[9, 10].

A delicate step of the DSSC device working mechanism is the electron transfer

from the excited dye sensitizer to the adjacent semiconductor conduction band (CB)

(usually titanium oxide, TiO2), that is in charge of the electrons diffusion toward
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INTRODUCTION

the external circuit. The energy difference between the Lowest Unoccupied Molecular

Orbital (LUMO) of the sensitizer and the TiO2 CB, as well as the electron-hole recom-

bination in the dye, are phenomena that prevent an efficient electron injection.

The first experimental work presented in this thesis proceeds within this contest:

in the Ultrafast group of Prof. Paolo Foggi at European Laboratory for Non Linear

Spectroscopy (LENS), I carried out the stationary and time-resolved spectroscopic

investigation of a substituted zinc(II)-phtalocyanine (ZnPc) dye, that has a potential

application as sensitizer in DSSCs [11,13]. Transient Absorption Spectroscopy (TAS),

an ultrafast pump-probe technique with sub-picosecond time resolution, was employed

to investigate the excited state dynamics of the dye in ethanol (EtOH) solution and

adsorbed on nanocrystalline films of titania (TiO2) and zirconia (ZrO2). The ZnPc

dye was synthesized by G. Zanotti et al. at the CNR of Montelibretti (RM), and the

modification with respect to the classic phtalocyanine were directed to increase the

conjugation and the directionality of the excited state, as well as to realize a solid

anchoring with the oxide films [10].

TAS results allowed us to identify the timescales of the different relaxation processes

occurring after visible excitation, and to propose a scheme of the energetic levels in-

volved in the excited state dynamics. Furthermore, we had evidence electron injection

in the titania CB, which makes the molecule suitable for DSSC application.

The OPV research has grown together with the scientific interest in the photosyn-

tetic systems, which represent a model to be artificially reproduced in OPV artificial

devices. Even if the overall conversion efficiency of photosyntetic systems is of order

of a few percent [15,16], the efficiency of ET from the antenna pigments (chlorophylls)

that absorb sunlight to the reaction center, where the conversion reaction occurs, can

be as high as 95% [17, 18]. A complex organization of dyes is in charge of this ET

process, whose nature is determined by the intermolecular forces and the environment

fluctuations. Once the pigments have been excited by visible irradiation, an exciton

is created, which can carry energy throughout the system [19].

Many research groups are focused on the realization of artificial light-harvesting

antennae for energy capture, based on organic molecules [20,21]. The optimal electronic

properties of such systems are still object of scientific debates, because different ET

mechanisms take part in the overall exciton migration, which interplay is not trivial.

In my thesis work, one of my priorities has been to define and clarify the basic

concepts of ET in light-harvesting systems. The first hypothesis is that of weak in-

termolecular interactions, which is well-established in the case of organic molecular

2



Figure 1: Significant image showing the main results obtained by studying the substi-
tuted ZnPc dye through TAS: after excitation by visible light, ET takes place between
different monomers and electrons are injected into the titania CB. From ref [14].

complexes. The reason why this class of materials attracts scientific interest is the

presence of uncommon electronic properties that lead to large energy transport effi-

ciency. The excited states of these systems are Frenkel excitons and are described

by a linear superposition of electronic states of the isolated molecules, interacting via

dipole-dipole potential. On this basis, an elaborate mathematical treatment brought

us to derive a model for ET mechanism, in the simple case of a system consisting of

ordered molecules with infinitely narrow spectral bands.

In a femtosecond time span after visible excitation, the exciton delocalizes coher-

ently over several molecules or CRET ). The spatial extent of the exciton wavefunction

is determined by the electron-phonon coupling and by the degree of disorder of the

system, which can be either static or dynamic disorder. The experimental evidence of

this energetic disorder is the lineshape of the absorption and emission spectra.

On longer timescales, dephasing and relaxation occur, causing the loss of phase

coherence of the excited dipoles and, eventually, leading to the Boltzmann equilibrium,

respectively. Depending on the strength of the intermolecular forces, ET can take place

by different mechanisms: Dexter Transfer (DT) via electron exchange (thus requiring

orbital overlap); Forster Transfer (FRET) or Radiative Transfer (RT), mediated by

dipole-dipole interactions, in the near-field (1 − 10 nm) and far-field (10 − 100 nm),

respectively.

When the number of molecules is large, and local interactions are involved, the
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INTRODUCTION

modeling of exciton migration becomes complex. In particular situations, an ensemble

of molecules can self-assemble in a molecular aggregate. Depending on the strength

of the intermolecular interactions, the electronic properties of the aggregate will be

correspondingly influenced by the properties of the isolated molecules. If the monomers

dipole moments are oriented in parallel, the dipole-coupling is maximized and new

oscillator strengths arise.

The characterization of the spectral properties and their femtosecond time-evolution,

gives important pieces of information about the nature and dynamics of the excited

state, and its interaction with the surrounding.

The above considerations (see also the first chapter of this thesis) represent the

premises of the experimental works described in the last two chapters. During a

one-year period spent in the Bawendi group at Massachusetts Institute of Technol-

ogy (MIT), I studied the exciton transport properties in self-assembled light harvesting

nanotubes (LHNs), quasi one-dimensional aggregates consisting of ordered amphiphilic

cyanine dyes. These systems present interesting excitonic properties, which derives

from the unusual electronic coupling between the monomers [22–24]. The isolated

molecule consists in an hydrophilic and an hydrophobic parts, and the self-assembling

occurs in water due to hydrophobic effect, giving rise to double-walled nanotubular

structure of several hundreds nanometers length. The extremely weak coupling in the

ground state is compensated by a high overall coupling in the excited states, revealed

by the narrow spectral features and suggests high exciton delocalization.

The particular arrangement of the dyes transition dipoles in the head-to-tail config-

uration produce a red-shift of 80 nm in the absorption spectrum of the aggregate with

respect to the monomer. This type of molecular association is known as J-aggregate,

to be contrasted with H-aggregates that have a blue-shifted absorption band. Because

of the low static disorder, large exciton delocalization and the negligibly small reor-

ganization energy (i.e. low coupling to the environment), LHNs represent ideal model

systems to explore quantum effects and to clarify the influence of energetic disorder on

energy transport [25,26].

Stationary and time resolved spectroscopy were used for the experimental investi-

gation of LHNs. Absorption and emission were studied as a function of temperature,

from room temperature to 5K: the change in the lineshape was interpreted in terms

of homogeneous broadening. Intensity dependent fluorescence measurements gave evi-

dence of exciton-exciton annihilation (EEA) occurring under low fluxes irradiation. In

order to get insight the effect of energetic disorder, we developed a ballistic model for

exciton diffusion: two regimes of exciton migration were identified, depending on the
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Figure 2: Schematic representation of the double-wall nanotube, object of investigation
by stationary and time-resolved fluorescence. The LHNs self-assemble by hydrophobic
effect from a cyanine-based monomer that consists in an hydrophobic part (blue) and
an hydrophilic part (red). From ref [27].

relative values of the homogeneous and inhomogeneous timescales.

Stationary fluorescence was measured as a function of the visible light irradiation

over several minutes, showing a Photobrightening (PB) phenomenon followed by Pho-

todarkening (PD) on longer timescales. PB is associated with spectral narrowing, high

Quantum Yield (QY) and lifetime increase (probed by streak camera technique). The

processes are inverted during PD. This results, confirmed also by 2D Electronic Spec-

troscopy (2DES), have been interpreted in terms of exciton migration mediated by

super-radiance, a collective emission process arising from the coherent exciton delocal-

ization. When the atoms or molecules in an ordered lattice are excited coherently, the

emission intensity is proportional to the square of the number of molecules participat-

ing to the excited state, leading to an enhanced QY.

In the last experimental chapter, I go back to the phtalocyanine dye whose TAS

results are discussed in chapter 2. In order to deepen my understanding of the aggregate

photophysics, especially for what concerns the exciton dynamics, I performed 2DES

measurements on mixed monomer / H-aggregate systems made of ZnPc molecules.

When dissolved in specific solvents, like chloroform (CHCl3), the ZnPc molecules forms

aggregate: the blue-shift of the absorption band clearly evidences the presence of H-

type aggregates. The relevant band broadening observed on going from the EtOH to

CHCl3 solution, suggests a high degree of static disorder.

Aggregation is one of the main issues that prevents highly efficient of electron

injection in the semiconductor CB. In fact, the aggregation process introduces new

radiative deactivation channels for the dye excited state.

2DES is a powerful multidimensional coherent spectroscopic technique that allows:

investigating the exciton dynamics and the time-evolution of the lineshape on femtosec-
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ond timescale, in order to identify the homogeneous and inhomogeneous timescales;

highlighting the coupling between electronic states and the possible coherent contribu-

tion [28,29].

Broadband excitation allowed us to discriminate the monomer kinetic trace from

that of the aggregate. We had evidence of electronic coupling between the aggregate

and the isolated molecules in the close proximity. Furthermore, electronic coupling

mediated by an internal vibrational mode was observed between two non-degenerate

Q-states of the monomer.
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1
EXCITONS

At a basic level the exciton can be described as a combination of an electron and a

hole (e-h), whose interaction perturbs the energetic levels of the system. If part of the

e-h attraction is screened from the atoms/molecules in the surroundings, the e-h pair

can move as an entity carrying energy through the system. Unlike electron transfer,

an exciton does not transport charge because it is electrically neutral. The exciton has

a finite lifetime and its relaxation produces a characteristic luminescence due to the

radiative recombination of the electron with the hole.

In this chapter, first I will go through the definition of the different kinds of excitons,

depending on the strength of the intermolecular interactions, then I will discuss three

ET mechanisms and finally I will generalize the theory for molecular aggregates, by

including multi-exciton interactions and to the coupling with the environment.

Three different kind of excitons (figure 1.1) are defined as:

• The Wannier-Mott exciton is extended over several lattice sites (the e-h

distance can be on the order of about 100Å). It is typical of insulator and semi-

conductor, where molecules are packed through strong intermolecular forces and

weak (≈ 103cm−1) e-h binding energy (≈ 10meV ).

• The Frenkel exciton is an excited state of a single atom (molecule). Even

if the electron is tightly bind to its nucleus (typical radius is about 10 Å), the

wavefunction can be expressed as a superposition of single molecule states. In

this thesis, I will use the term delocalization of the exciton to indicate the spatial

extension of the molecular sites which form the linear combination describing the

excited state.

This kind of exciton is typical of organic molecular crystals, where intermolecular

interactions are weak (≈ 100cm−1) and e-h binding energy is strong (≈ 1eV ).

7



CHAPTER 1. EXCITONS

• The Charge transfer exciton occurs primarily in ionic crystals, but can be

found also in organic molecular compound where two molecules, namely a donor

(D) and an acceptor (A), are very close to each other and an electron is transferred

from the Higher Occupied Molecular Orbital (HOMO) of the Donor to the LUMO

of the nearest acceptor. The radius of charge-transfer exciton can be larger than

that of the Frenkel exciton.

+
-

+

-

+

-

FRENKEL

WANNIER-MOTT

CHARGE-TRANSFER

Figure 1.1: Different kinds of excitons.

Since the experimental part of this thesis is about the spectroscopic investigation

of organic molecular aggregates, in this chapter I will mainly focus on the Frenkel

excitons. A brief review about Wannier-Mott exciton is in appendix A. However, it is

important to understand that there is no discontinuity between Frenkel and Wannier-

Mott excitons: if the intermolecular interactions are progressively increased, the excited

state will be always more delocalized. Of course, there are several factors that I have

not considered yet, such as the degree of ordering in the system (from an amorphous

material to a crystal), which will also increase the delocalization, and the strength of

the coupling with the environment, which will add disorder in the system and plays

different roles in the exciton delocalization and migration.
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1.1. FRENKEL EXCITONS

1.1 Frenkel excitons

Since Frenkel excitons are typical of systems where intermolecular forces are weak, it is

well established the assumption of interaction potentials in the dipole approximation.

Throughout this section, I will derive the mathematical form of the potential and I

will show how it modifies the energy levels of a coupled dimer first, and then of a

many-body system.

1.1.1 The dipole approximation

Photo-excited chromophores interact with each other through a Coulomb interaction

between their transition dipoles. This coupling exchanges electronic excitation between

molecules and drives exciton migration.

Let’s consider the interaction between two charge distributions ρA(r) and ρD(r):

VCoulomb =
1

4πε

∫ ∫
ρA(r)ρD(r′)

| r− r′ |
drdr′ (1.1.1)

In case of weak intermolecular interactions and strong binding energy (Frenkel ex-

citon), Eq. 1.1.1 can be expressed in terms of multipole moments of the charge distri-

butions, which means expanding the coulomb potential in powers of (1/R). We can in-

troduce the total charge qi =
∫
drρi(r) and the dipole moment µA/D =

∫
drρA/D(r)(r−

rA/D) and we obtain (in the dipole approximation):

V (R) =
1

4πε
{qAqD
R

+
qA(µD ·R)− qD(µA ·R)

R2
+
µA · µD − 3(µA · R̂)(µD · R̂)

R3
+O(1/R3)}

(1.1.2)

where R = rA − rD. I neglected longer range interactions described by high multi-

poles terms (quadrupoles etc), which become important only at very short distances.

Eq. 1.1.2 is a good approximation of the intermolecular coupling if the intermolecular

distance R is larger than the molecular size (2 − 3 nm). If the total charge of the

system is zero, eq. 1.1.2 has the form of the dipole-dipole interaction energy:

V (R) ≈ µA · µD − 3(µA · R̂)(µD · R̂)

R3
≈ |µA||µD|

R3
k (1.1.3)

where the orientation factor k is defined as

k = µ̂D · µ̂A − 3(µ̂D ·R)(µ̂A ·R) (1.1.4)

For randomly oriented molecules, k = 2/3.

9



CHAPTER 1. EXCITONS

1.1.2 The coupled dimer

In a sample containing closely associated chromophores coupled by any interaction, the

excited state cannot be described as the sum of the individual excitations, as the prop-

erties of the excited system are different from those of the individual chromophore; this

is due to the fact that the excitation is extended over more than one molecule (delo-

calized). The difference with the Wannier-Mott exciton is that we are now considering

weak intermolecular interactions, which leads the ground state wavefunctions to be

spatially separated. Depending on the nature of the molecules interacting and on the

wavefunction delocalization, the excited state is called in different ways: an excipless

is between different chemical species; an excimer is between excited state and ground

state of two identical molecules. When the excitation is delocalized over more than

two molecules, it is called exciton [19].

Let’s consider a simple system consisting of a pair of identical molecules with only

two infinitely narrow electronic levels each. Due to the weak interactions, we can use

the perturbation theory and look for dimer eigenstates Φf that are linear combinations

of the unperturbed molecular states φi. We expect to observe perturbation of the

energy spectrum (because in the excited state the wavefunction overlap). The ground

and excited state of the coupled system can be expressed as:

Φ0 = φ0
1φ

0
2 (1.1.5)

Φf = cf1φ
1
1φ

0
2 + cf2φ

0
1φ

1
2 (1.1.6)

where cf1 and cf2 are normalization constant which will depend on the interaction

strength and Φf is a linear combination of the excited state of a monomer with the

ground state of the other monomer (i.e. an excimer).

The general eigenvalue equation is:

(H1 +H2 + Vint)Φ
f = EfΦ

f (1.1.7)

where H1 and H2 are the unperturbed Hamiltonians (eigenvectors are φ0
1 and φ2

0

in eq. 1.1.5). By first order perturbation theory, the excited states eigenvalues and

eigenvectors are [30]:

E1,2 = ε1 + V11 ± V12 (1.1.8)

Φf =
1√
2

(φ1
1φ

0
2 ± φ0

1φ
1
2) (1.1.9)

where I made use of the ortonormality condition for eq. 1.1.9. Vij the matrix

10



1.1. FRENKEL EXCITONS

element {φ1
iφ

0
j |Ṽ (R)|φ0

iφ
1
j}, where Ṽ (R) is the interaction coupling operator (Coulomb

potential). Note that, because the molecules are identical, ε1 is the energy of the excited

level of both molecules, and Vij = Vji.

Some considerations can be inferred from eq. 1.1.8 and 1.1.9:

1. The two excited levels are split by an amount that is twice the interaction po-

tential 2V12 (Davydov splitting or Exciton splitting).

Chromophore 1 2V12

Energy

Chromophore 2

Figure 1.2: Davydov splitting.

2. The average energy of these two levels has been shifted with respect to the ground

state by an amount V11 − V00 (displacement energy). This leads to a red-shift in

the absorption band.

3. Because the molecules are identical, |cf1| = |cf2| and, for both states, the excita-

tion is completely delocalized over the two pigments.

In the case of different pigments where the energy levels are ±δ/2 a similar math-

ematical discussion brings to [30]:

E1,2 = ±
√
V 2

12 + (δ/2)2 = ±V12

√
1 + ∆2 (1.1.10)

where ∆ = δ/(2V12). Therefore, there are two border conditions:

1. If the interaction potential is larger than the difference of the unperturbed energy

levels, V12 >> δ, the limit of identical molecules is approached and the exciton

becomes completely delocalized over the two entities.

2. If the interaction potential is smaller than the difference of the unperturbed

energy levels, V12 << δ, eigenstate and eigenvalues are the same as in the unper-

turbed case and the excitation is completely localized on one molecule.

In the following I will show how the dipole strength associated to the excitonic

transitions strongly depends on the dipoles geometry. First, let’s consider an electric

field interacting with a molecule and promoting an electron from the ground to the

excited level: the interaction Hamiltonian is −E · ~µ, where ~µ = −er is the dipole

11



CHAPTER 1. EXCITONS

moment, and the transition probability from the ground to the excited state, according

to the Fermi’s Golden rule (second order time independent perturbation theory) in the

long wave approximation (k · r << 1 , E(r, t) ≈ E(t)), will be proportional to the

square of the interaction energy:

W01 ' |E|2 | Ê · 〈φ1|µ|φ0〉 |2=| E |2 · | µ01 |2 ·cos2(Ê · µ̂) (1.1.11)

where µ01 is now the transition dipole moment. The average over all possible

orientations yields 〈cos2(Ê · µ̂01)〉 = 1/3. In the case of an electronically excited dimer:

Wf '| 〈Φ1|H1|Φ0〉 |2= |E|2· | Ê · (c1µ1 + c2µ2) |2 (1.1.12)

The square of the transition dipole moment |µ|2 is the dipole strength D, that

is proportional to the intensity of an absorption band (being the probability of an

absorption event):

Df =| cf1µ1 + cf2µ2 |2= c2
f1 | µ1 |2 +c2

f2 | µ2 |2 +2cf1cf2 ∗ (µ1 · µ2) (1.1.13)

If the molecules have the same dipole strength d

Df = d(1 + 2cf1cf2 ∗ cosθ) (1.1.14)

where θ is the angle between the dipole moments of the two molecules. In case of

different molecules with energetic levels ±δ [30]:

Df = d(1± cosθ√
1 + ( δ

2V12
)2

) (1.1.15)

For identical molecules (V12 >> δ)

D1,2 = d(1± cosθ) (1.1.16)

and for different dipole strengths d1 and d2

Df =| cf1µ1 + cf2µ2 |2= c2
f1d1 + c2

f2d2 + 2cf1cf2

√
d1d2cosθ (1.1.17)

The two transitions from the ground state to the excitonic levels have different

probabilities, depending on relative orientations of the dipole moments. D1,2 can range

from 0 to 2d depending on the angle θ between transition dipoles of the monomers;

however, in any case the sum of D1 and D2 is simply 2d [31].

12
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Let’s assume parallel dipoles (cos(θ) = 1), that is the condition of maximum Davy-

dov splitting. It is easy to note from eq. 1.1.15 that only one transition is allowed

(Df = d = D1), while the other one has zero dipole strength (D2 = 0). By looking

at the expression of the dipole interaction (eq. 1.1.3), reported below for convenience,

two limiting configurations can be identified, namely Sandwich and Head to Tail ge-

ometry (figure 1.3), depending on the angle R̂ · µ̂1/2: even if the energy of the excited

state levels is the same, the interaction potential changes its sign on going from the

head-to-tail (V12 = −2µ1 · µ2/R
3) to the sandwich (V12 = +2µ1 · µ2/R

3) geometry.

V12 =
µ1 · µ2 − 3(µ1 · R̂)(µ2 · R̂)

R3

µ
1

µ
2

µ
1

µ
2

R // 
μ 1/2^

^

R _ μ
1/2

^

^

Figure 1.3: Sandwich (left) and Head to Tail (right) geometry in a dimer.

Therefore, for a head-to-tail dimer the lowest energy transition is allowed, and a

red-shift in the absorption spectrum is observed, whereas the highest energy transition

is allowed for the sandwiched dimer, resulting in a blue-shift of the absorption spectrum

(see fig. 1.4).

Dimer

E

Head-to-tail

geometry

Sandwich

geometry

Monomer

S
1

Oblique

Figure 1.4: Simple scheme of energy levels in head to tail and sandwich dimers.

In the general case where the two dipole moments are not parallel, both transitions

can be allowed and will have different oscillator strength depending on the relative

monomers orientation.
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1.1.3 Many-body systems

If many molecules are involved in the excitonic structure, the energy splitting is more

complex because the energy levels are split into many levels, approaching bands when

the number of molecules becomes very large. However, the total wave function is

still represented by the sum of products of molecular wavefunction (because the weak

interaction limit is still valid). In case a disordered system of N molecules the exciton

wavefunction is

Φf =
∑
n

cfnφ
f
nΠn 6=mφ

0
m =

∑
n

cfnψ
f
n (1.1.18)

that is a linear combination of single eigenstates φi among which only molecule n

is in the excited state.

In case of a molecular crystal, the difference is that we need to include the effect

of translational periodicity, which leads to a phase factor in each coefficient of the sum

in eq. 1.1.18:

Φf =
1

N

∑
n

eik·rnψfn (1.1.19)

similar in form to the tight binding model, even if in this case the potentials are

weak and excitation energy is delocalized via dipole interaction (in absence of orbitals

overlapping).

The Frenkel exciton Hamiltonian is defined as

H =
∑
n

εfncfn|ψfn >< ψfn|+
∑
m

Vnm|ψfn >< ψfm| (1.1.20)

Similarly to the previous discussion

µf =
N∑
n=1

cfnµn (1.1.21)

Df =| µf |2=
N∑

n,m=1

cfnc
∗
fm(µn · µm) (1.1.22)

The intensity of the bands associated with the electronic transition depend, in

analogy with the dimer, on how the dipoles rearrange when passing from the isolated

molecule to the many-body system. Stated that the sum of the dipole strengths of

all the transitions is the same as that of the N isolated molecules, new oscillator

strength can arise (compared to the absorption spectra of the individual molecules),

and therefore the spectrum can change significantly, giving evidence of formation of

excitonic structures [31].

14
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Figure 1.5 illustrates the case of N identical molecules interacting, in the approx-

imation of two infinitely narrow energetic levels for each molecule: before the excited

state interaction, an N-fold degeneracy exists, depicted on the left of each diagram.

When the chromophores interact via dipole-dipole coupling, an exciton band of N dis-

crete exciton states id produced. The solid arrows indicate the allowed transitions for

the geometries represented on the bottom of the figure. If the dipoles are arranged

in the head-to tail configuration (left part of the figure) the only transition allowed is

the lowest in energy, which corresponds to the nodeless wavefunction (all the transi-

tion dipoles pointing in the same direction). The higher energy levels are forbidden

because they produce a net transition dipole moment equal to zero (see vector schemes

of dipoles arrangements on the bottom). The other two diagrams can be interpreted in

the same way, for different exciton band structure. Selection rules in the linear polymer

exciton model were developed by McRae and Kasha [32].

Helical polymer exciton

The helical configuration of excitonic systems, presented in figure1.6a have special

interest in connection with spectra and energy transfer in natural and artificial light-

harvesting materials. The formalism of exciton model in such cases has been developed

by Moffitt [33] and it is qualitatively discussed below.

In analogy with the previous paragraph, the identification of the net transition

dipole direction gives information about the polarization of the exciton transitions.

We are interested in recognizing the dipoles configurations that yield light absorption

polarized along the helix axis of perpendicular to it. The components of the chro-

mophores transition dipoles along the direction of the helix leads to the same exciton

band structure of the head-to-tail configuration described above, with an allowed ex-

citon transition to the lower energy level (figure 1.6b).

Figure 1.7 present the possible configurations of four monomers transition dipoles

on the plane perpendicular to the helix axis. As discussed before, there are four pos-

sible arrangements, leading to four non-degenerate energy levels. Only two of those

produce a non-zero net transition dipole, indicated by blue arrows in the figure, which

correspond to two one-noded exciton wave-functions, giving an exciton-state degener-

acy.

The exciton band structure thus shows two allowed bands at the same energy and

with polarization vectors for light absorption which are mutually perpendicular and

perpendicular to the helix axis, and one allowed exciton state at the bottom of the

exciton band polarized parallel to the helix axis.
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PolymerIsolated molecules

Ground state

Excited state

PolymerIsolated molecules

Ground state

Excited state

PolymerIsolated molecules

Ground state

Excited state

Direction of the net dipole

(polarization of the transition)

Direction of the net dipole

(polarization of the transition)

Figure 1.5: Diagrams for exciton band structure in linear molecular polymers with
various geometrical arrangements of transition dipoles.
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z

Parallel to axis

a b

Figure 1.6: a) Cylindrical aggregate (from ref [34]). b) Diagram for exciton band
stricture arising from the transition dipole components parallel to helix axis.

0 0

++++ ++-- +--+ +-+-

z

Perpendicular to axis

( ++++ )

( +-+- )

( +--+ ) , ( ++-- )

Figure 1.7: Diagram for exciton band stricture arising from the transition dipole com-
ponents parallel to helix axis.
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The knowledge of the aggregate geometry is extremely important to estimate the

electronic coupling between monomers and to model the exciton spectra and dynamics.

I will come back to this point in chapter 4, where the consideration discussed here will be

applied to model the exciton band structure of a self-assembled J-aggregate nanotube

and to reproduce the experimental spectroscopic data.

Self-assembled aggregates and molecular crystals

Depending on the nature of the interacting molecules and the coupling with the sur-

rounding environment, an ensemble of weak-interacting entities can self assemble in

a supra-molecular structure, that is called a molecular aggregate . Two kinds of

forces play a role in such systems: the electronic coupling between the excited states of

the chromophores, which is responsible for exciton migration, and the intermolecular

interactions that keep together the chromophores by acting on their ground states.

These latter forces can be so weak (e.g. hydrophobic effects) that the ground state

properties are not modified with respect to those of the isolated monomers. This sit-

uation is represented on the top of figure 1.8. The two entities interact only in their

excited states, giving rise to two new electronic transition. The ground state of the

isolated molecules is unperturbed in the aggregation. The excitation delocalizes over

a number of molecules which depend on the strength of the interaction Vint and on

the degree of order in the system. Depending on the dipoles arrangements, whether in

the head-to-tail or in the sandwich geometry, this systems are named J-aggregate or

H-aggregate respectively.

In a more common situation, the electronic properties of an excited system can differ

considerably from those of the isolated molecules, because the ground state orbitals

can overlap, as represented on the bottom of figure 1.8. This is the case of molecular

crystals, which are ordered systems consisting of molecules packed together by forces

of intermediate strength, like van der Waals or dipole-dipole interactions, which are

much weaker than covalent bonds but stronger enough to allow for orbital overlap in

the ground state. This means that the wavefunctions of single monomers are not a good

basis to describe the properties of the ensemble, even in the ground state configuration.

In these materials, the excitation is supposed to be more delocalized than in the case

of a molecular aggregate, because of the high degree of packing. However, this is not

always true, because the exciton delocalization strongly depends on the environment

fluctuation and on the defects concentration.
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Figure 1.8: Simple scheme of energy levels in head to tail and sandwich dimers.
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1.2 Energy Transfer mechanisms

The first interest in exciton migration date back to the beginning of 20th century

[35], when ET between a coupled pair of chromophores D and A, was experimentally

observed for the first time by Cario and Frank (1922) [36–38]. This phenomena was

called sensitized luminescence [39], because a forbidden transition of the acceptor, with

subsequent luminescence, can be sensitized, or activated, by exciting the donor (initially

called sensitizers).

Similarly to the previous discussion, starting from the case of two interacting

molecules, in this section I will describe the different mechanisms of propagation of

the exciton that from an initial excitation can carry energy through the system. The

nature of ET depends on several factors:

• The strength of the molecular interactions determines if the ET involves an elec-

tron exchange that requires orbitals spatial overlap (strong coupling limit). This

is the case of DT: the ET rate is about 1015s−1 and the intermolecular distances

at which this transfer is efficient are of the order of a few angstroms.

• In case of weak intermolecular force, ET occurs through dipole-dipole interac-

tions. This is the case of RT (involving the emission of a photon) in the far-

field (from tenths to hundreds of nanometers) and Förster Resonant Energy

Transfer (FRET) (without emission of a real photon) in the near-field (from

angstroms to tens of nanometers). ET rates are on the order of 1012− 1013sec−1.

The balance between the intermolecular interaction energy (that defines the dipoles

configuration) and the bath coupling, as well as the concentration of defects and im-

purities, determines the degree of coherence in the ET process that can increase con-

siderably the efficiency of the exciton migration and the wavepacket delocalization.

1.2.1 Radiative Transfer

The RT represented in figure 1.9 is a two step processes where a photon is absorbed

by the donor, whose dipole emission is re-absorbed by the acceptor:

1)D∗ → D + hν , 2)hv + A→ A∗ (1.2.1)

Being an equilibrium process (Boltzmann equilibrium of the donor excited state is

reached prior to emission), RT can be fully explained by a classical approach. The

probability can be expressed as

KRT ∝ [A]LJ (1.2.2)
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Initial state Final state

Excited donor
Ground state

acceptor

Excited acceptorGround state

donor

hν

Figure 1.9: Schematic representation of RT between two-levels atoms.

where L is the thickness, [A] is the acceptor concentration and J is the spectral

overlap between donor emission and acceptor absorption as defined in the previous

paragraph. Equation 1.2.2 suggests that RT requires high donor QY, high acceptor

concentration, high extinction coefficient of A and resonance condition. This transfer

is effective for R > 10 nm (far field).

1.2.2 Förster Resonance energy transfer

FRET (figure 1.10) is a one step process (D∗ + A → D + A∗) that does not involve

emission of a photon. This transfer is driven by the second order expansion of the

Coulomb interaction along the distance coordinate. The modulation of the dipole

field of the excited donor induces a dipole in the acceptor molecule in condition of

resonance. The coupling via dipole-dipole interactions allows for efficient ET even at

distances largely exceeding the sum of the molecules Wan Der Waal radii, even if it is

efficient for separations of about 0.5− 10 nm (near field zone), which are smaller than

typical RT distances.

This process occurs mostly in organic molecular aggregates where intermolecular

forces are weak, and it is supposed to be the main mechanism responsible for ET in

photosynthetic organisms [40].

Excited

donor

Ground state

acceptor

dipole !eld

Figure 1.10: Schematic representation of FRET.
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The key assumptions of Förster’s theory are [41–48]:

1. Weak intermolecular interactions: the excitation is completely localized on

either donor or acceptor molecule, which means that the total wavefunction at

any time involves only the excited state of one chromophore, while the other is

in the ground state.

This weak coupling condition justifies two further assumption: the spectra of

donor and acceptor are assumed to be the same that for separate molecules (spec-

troscopic individuality) and the dipole-dipole interactions, introduced in

paragraph 1.1.1, is also a well-established approximation.

2. Strong coupling with the environment: following the excitation of a molecule

to its Frank-Condon state, it relaxes to the equilibrium Boltzmann distribution

in less than a picosecond, prior to the ET that occurs on timescale comparable

with the excited state lifetime (from hundreds of picoseconds to nanoseconds);

the spectral overlap that will appear in the ET rate expression consists in these

equilibrium distributions.

This condition makes of Förster transfer a completely incoherent process: the

environment fluctuations destroy all the phase relations between the wavefunc-

tions, which means that the molecules loose memory of the excitation, and thus

time-coherence. Therefore, the ET rate can be calculated with time-independent

perturbation theory: Förster used Fermi’s Golden rule [49], valid only when inter-

acting oscillators are dynamically incoherent (because it includes an integration

over the energy density of states at the equilibrium).

The difference between the Förster theory, where the excited state is completely

localized and the energy is transferred by incoherent hopping, and the exciton

wavefunction of section 1.1.2, which is delocalized over two or more chromophores

coherently. While FRET can be treated as a classical random-walk, Coherent

Resonant Energy Transfer (CRET) requires a quantum approach.

Now I will briefly go through the ET rate derivation as proposed by Förster. Let’s

consider a donor and an acceptor interacting through electrostatic interaction expressed

by the coulomb potential in the dipole-dipole approximation (see paragraph 1.1.1). The

interaction energy is then

Eint = EµD · µA =
|µD||µA|
R3

k (1.2.3)

where k has been previously defined in eq. 1.1.4 and for randomly oriented molecules

k = 2/3.
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According to the Fermi Golden rule, the probability of an ET event from a single

excited state of the donor D to an ensemble of accessible states of the acceptor A

(initial and final states ΦI and ΦF respectively) is proportional to the square of the

interaction potential (second order perturbation theory):

KFT =
2π

~
| V |2 ρ(E) =

2π

~
| 〈Φi | Eint | Φf〉 |2 ρ(E) (1.2.4)

where Φi = φ∗DφA, Φf = φDφ
∗
A and ρ(E) is the density of acceptor final states. To

obtain the total probability of ET, we need to integrate over over the entire equilibrium

distribution of initial and final states of both donor and acceptor ρD∗(ED) and ρA(EA)

and to sum over all the possible transitions that can contribute to the transfer. In the

end we obtain two equivalent expressions:

KFT ∝ 1

τD

k2

R6
J (1.2.5)

KFT =
3k2

2
(
R0

R
)6τ−1

D (1.2.6)

where

• k, defined in eq. 1.1.4, depends on the relative orientation of the dipole moments.

To allow for efficient ET, dipoles must be approximately parallel. As already

mentioned, the ET rate also depends on the angles between the dipoles and the

line joining them.

• J is the spectral overlap between

the donor fluorescence spectrum

fD and the acceptor absorption

spectrum aA:

J =

∫ ∞
0

aA(λ)fD(λ)λ4dλ

• τD is the decay time of the donor in the absence of the acceptor, so it accounts

for all pathways of deactivation other than ET.

• R0 is the critical radius at which the Förster rate is equal to the inverse of the

radiative lifetime of D τD and the efficiency is 50%; at larger distances, the self

fluorescence of D is more efficient than the transfer.
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• R is the donor-acceptor distance. Because the transfer rate depends on the sixth

power of its inverse, the transfer is efficient between close chromophores. Because

of the R−6 dependence, in many-body systems FRET occurs via consecutive short

hops (hopping mechanisms) rather than a long step.

Of course, the R−6 dependence holds for dipole-dipole interaction. Higher order

multipoles give steeper distance dependence, but their contribution is orders of

magnitude lower than that of dipoles.

In natural photosynthetic systems, FRET is one of the key mechanisms to transport

energy from the pigments absorbing sunlight to the reaction center, where conversion

to chemical energy occurs. In order to maximize the efficiency of the transfer to the

reaction center, these systems present the spectroscopic gradient : along the ET

pathways, the spectral features of adjacent chromophores are gradually shifted towards

the red region of the spectrum, so that individual molecules that act as acceptors can

subsequently adopt the role of donors. This is possible only if, at each step, the forward

transfer is favored over the backward transfer. From the expression of the ET rate 1.2.5,

the parameter that establishes which transfer direction is favorable is the ratio between

the spectral overlap of forward and backward transfer times the inverse of the ratio

between the excited state lifetimes of donor and acceptor:

ε =
τA∗

τD∗

fD(ω)aA(ω)ω−4dω

fA(ω)aD(ω)ω−4dω
(1.2.7)

where fA and aD are the acceptor fluorescence spectrum and the donor absorption

spectrum respectively.

The spectroscopic gradient prevents the ET to be completely diffusive and random,

which would cause a significant loss of efficiency. The proper arrangement of the

chromophores, which guarantees the spectral overlap through the sequence, make sure

that ET is addressed at the right location with high directionality.

To conclude, if the conditions for Förster transfer are not applicable, one has to

consider an extended version of the theory. In a real system molecules can be very close

together, so that the point-dipole approximation fails, and different models need to be

used in order to consider local interactions between different parts of each molecule. In

a more drastic case, the hypotheses of weak intermolecular interaction and strong bath

interactions can be not valid anymore. In both cases two corrections are required:

• If electron densities of donor and acceptor overlap, so that the coupling is strong

enough to perturb the energetic levels of the systems, ET can involve electron

exchange between the two moieties. This process is described by the DT.
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• In real photosynthetic systems, environment fluctuation can be of the same order

of magnitude of the interaction energy, meaning that the excited state of the

donor does not completely relax to the Boltzmann distribution before the energy

can be shared with the acceptor. There is experimental evidence that CRET

participates in photosynthesis [50, 51].

1.2.3 Dexter Transfer

Represented in figure 1.11, the Dexter transfer consist in an electron exchange between

the excited donor (D) and the acceptor (A) in the ground state. Therefore, it requires a

spatial overlap between the electronic wavefunction in D and A. It is likely to occur in

organic aggregates where small domains of strongly interacting molecules are present,

or in semiconductor materials, which are characterized by close packed structures as

well.

Initial state Final state

Excited donor Ground state

acceptor

Excited acceptorGround state

donor

Figure 1.11: Schematic representation of Dexter transfer between two-levels atoms.

The transition probability is given by

KDT ∝ J(−2RDA

L
) (1.2.8)

where J =
∫
fD(λ)εA(λ)λ4dλ is the spectral overlap between the donor emission

fD and the acceptor absorption normalized for the extinction coefficient εA, RDA is

the distance between D and A and L is the sum of Wan Der Waals radii. Since the

rate decrease exponentially with the distance, this process is a short-range ET and it

is indeed efficient for very small D-A separations (< 0.5 nm) [52].
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1.2.4 Coherent Resonance Energy Transfer

For a simple system of two interacting molecules with two energetic levels each with

no interaction with the bath (i.e. infinitely narrow bands), by using first order per-

turbation theory quantum approach shows that the energy is transferred periodically

and coherently from one molecule to the other (quantum beats). If we include the

environment fluctuations, treated as dumping factors, the system will loose coherence

in time. If the decoherence time is much smaller than the coherent oscillations period,

the ET becomes rapidly incoherent until it reaches the Förster limit. In the following,

I will formalize the previous statements. The mathematical discussion below follows

reference [53].

Let’s consider first a two-levels atom (infinitely narrow bands) interacting with

an oscillating electric field. I treat the atom quantistically and the field classically

(semiclassical approach), an approximation that is valid if the spatial variation of the

field is negligible compared to the atom size (~k · ~r << 1). The general state of the

atom can be expressed as:

| Φ(t)〉 = C1(t)|φ1(t)〉+ C2(t)|φ2(t)) (1.2.9)

where

• |φi(t)〉 = e−i
Eit

~ φi(r)

• |C1(t)|2 = N1/N is the probability to be in the lower state.

• |C2(t)|2 = N2/N is the probability to be in the upper state.

• C1(t)C∗2(t) = C∗1(t)C2(t) is the probability of being in a coherent superposition

state.

We can introduce the density matrix notation by expanding | Φ〉 in a basis {n}

ρ =
∑
n,m

CnC
∗
m|n〉〈m| (1.2.10)

ρnm = 〈n|ρ|m〉 (1.2.11)

where

• ρ11 and ρ22 as the probabilities of being in the lower and upper state respectively.

These terms are called population elements , are real and must satisfy ρ11 +

ρ22 = 1.
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• ρ12 = ρ21 as the probability of being in a coherent superposition state. These

terms are called coherence elements and are generally complex.

In density matrix formalism the Schrödinger equation takes the form of the quantum

Liouville equation:
d

dt
ρ = − i

~
[H, ρ] (1.2.12)

where

H = H0 +HI (1.2.13)

HI = Ed · µA = E0 · µAcos(ωt) = E0µÊcos(ωt) (1.2.14)

where µÊ is the component of µA in the direction of the electric field.

From the quantum Liouville equation we obtain the Bloch equations

dρ22

dt
= −dρ11

dt
= −1

2
iνcos(ωt)(eiω0tρ12 − e−iω0tρ21) (1.2.15)

dρ12

dt
=

dρ∗21

dt
= iνcos(ωt)e−iω0t(ρ11 − ρ22) (1.2.16)

where I defined the Rabi frequency ν such that ~ν = eE0µÊ and ω0 = E2 − E1 is

the transition energy. We look for solutions of the form

ρ11 = ρ
(0)
11 e

λt (1.2.17)

ρ22 = ρ
(0)
22 e

λt (1.2.18)

ρ12 = ρ
(0)
12 e
−i(ω0−ω)eλt (1.2.19)

ρ12 = ρ
(0)
21 e
−i(ω0−ω)eλt (1.2.20)

and we can write the matrix
−λ 0 1

2
iν −1

2
iν

0 −λ −1
2
iν∗ 1

2
iν

1
2
iν −1

2
iν i(ω0 − ω)− λ 0

−1
2
iν∗ 1

2
iν∗ 0 −i(ω0 − ω)− λ



ρ

(0)
11

ρ
(0)
22

ρ
(0)
12

ρ
(0)
21


Solutions exist if the determinant is zero

λ2[λ2 + (ω0 − ω)2 + ν2] = 0 (1.2.21)

We obtain the eigenvalues: λ = 0, λ = iΩ, λ = −iΩ, where Ω = [(ω0−ω)2 + |ν|2]1/2.

When the oscillation frequency of the field is in resonance with the transition energy,
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Ω = ν. If initially only the ground state is populated, ρ22 = ρ21 = 0 we obtain

ρ22(t) =
|ν|2

Ω2
sin2(

1

2
Ωt) (1.2.22)

ρ12(t) =
|ν|2

Ω2
sin(

1

2
Ωt){−(ω0 − ω) sin (

1

2
Ωt) + iΩ cos (

1

2
Ωt)} (1.2.23)

When the field is turned on, both the population and the coherence terms of the

system start to oscillate. If Ω = ν there is no detuning and the oscillating function is

a sin2; if Ω 6= ν, the amplitude is decreased and the frequency increases, as shown in

figure 1.12.

Figure 1.12: Time evolution of density matrix element ρ22 for different values of de-
tuning. From ref. [53]

I have discussed so far the interaction of a two levels atom (or molecule) with a

classical electric field. At this point we need to consider the quantum interactions

between an exciter donor and an acceptor through their dipole moments. When the

donor is initially interacting with an electric field, the population of its ground and

excited states oscillates as I just described. Also the expectation value of the dipole

moment operator oscillates, as represented in figure 1.13: it’s non-zero only when the

system is in a coherent superposition of states (approaching its maximum value when

the delocalization of the electron is maximum). This is the quantum condition that I

already discussed in section 1.1, where the exciton wavefunction is a linear combination

of monomer wavefunctions.

The donor is therefore an oscillating dipole that emits a characteristic field (Hertzian

dipole field). However, in the proximity of the dipole the field can be approximated as a

static dipole field. The emitted field produces a periodically excitation of the acceptor

that subsequently returns the energy to the field, in a perfectly coherent situation. This

kind of ET is called Coherent Resonance Energy Transfer (CRET, [54,55]). In

the limit of zero detuning (ω0 = ω), the CRET rate, given by the inverse of the
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a

b

Figure 1.13: a) Time evolution of the population terms of the density matrix of a two-
level atom interacting with a classical electric field. b) Time evolution of the expectation
value of the dipole moment operator.

oscillation period T = 2π
Ω

, is proportional to the transition energy ν, as expected by

the first order perturbation theory.

It is important to remember that in the above derivation I neglected the coupling

with the environment, which means infinitely narrow bands and no energy losses. In

this ideal case the oscillation are perpetual. In the following paragraph I will introduce

the spectral broadening due to bath fluctuations, which causes loss of coherence.

Homogeneous and Inhomogeneous broadening

Band broadening can be homogeneous , if it affects all the molecules in the same way

(global effect), or inhomogeneous , if the transition energies of different molecules

differ one another (local effect), so that a mean effect has to be considered.

• Homogeneous broadening (fig. 1.14) is responsible for the Lorentzian shape of the

band, and it comes from the coupling between the system and the environment.

It is called dynamic disorder , because the absorption lineshape is dynamically

broadened by rapid variations in the frequency or phase of dipoles.

• Inhomogeneous broadening (fig. 1.15) is responsible for the Gaussian shape of the

band, and it is due to structural disorder (e.g. presence of impurities). This is

also called static disorder , because the lineshape reflects a static distribution

of resonance frequencies.
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Figure 1.14: a) Lorentzian shape of the band, characteristic of homogeneous broaden-
ing. b) Random fluctuations of the dipole oscillation frequency that cause homogeneous
broadening.
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Figure 1.15: a) Gaussian shape of the band, arising from the convolution of families
of dipoles oscillating at different frequencies. b) Example of three different frequencies
which average out in a inhomogeneous distribution.

The dynamic disorder can be phenomenologically introduced as a damping factor

in the Bloch equation. It includes three main contributes:

- the power broadening, that is the effect of the finite excited state lifetime. The

associated damping factor is related to the Einstein coefficient for stimulated

emission A21 [53]: 2γ = 1/τR = A21

- the interaction with the surrounding (damping factor 1/T ∗2 ), which consist in

different phenomena depending on the system under investigation: collisional

broadening in case of gases, pure dephasing in case of weakly interacting molecules

and collective phonons in case of strong intermolecular coupling. The effect is in

all cases that of destroying the phase relations between the dipoles oscillations,

whose amplitudes decay exponentially in time.

- Finally, the orientational contribution of the molecule is an additive damping

factor 1/TOR
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The modified Bloch equations are then (neglecting the orientational contribution

on short timescales)

dρ22

dt
= −dρ11

dt
= −1

2
iνcos(ωt)(eiω0tρ12 − e−iω0tρ21)− 2γρ22 (1.2.24)

dρ12

dt
=

dρ∗21

dt
= iνcos(ωt)e−iω0t(ρ11 − ρ22)− (γ +

1

T ∗2
)ρ12 (1.2.25)

Thus, each term of the density matrix will be dumped by an exponential factor

and therefore the ET looses coherence in time. The effect of detuning (static disorder)

and dephasing (dynamic disorder) on the time-evolution of two interacting dipoles is

schematically represented in figure 1.16.

a

b

c

Figure 1.16: Time evolution of the population terms of the density matrix in absence
of disorder (a) and in presence of detuning (b) and dephasing (c).

In order to understand the origin of the resulting line shape (Lorentzian, Gaussian

or intermediate), we should consider that the spectral lineshape σ(ω) is the inverse

Fourier transform of the dipole correlation function < µ(t)µ(0) >:

σ(ω) =
1

2π

∫ ∞
−∞

dteiωt < µ(t)µ(0) > (1.2.26)
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By assuming that the dipole correlation function of each atom/molecule decays ex-

ponentially (dynamic disorder), and that the inhomogeneous distribution of frequencies

in the system has a Gaussian profile of width ∆, the ensemble average of the dipole

correlation function can be written as:

< µ(t)µ(0) >= exp
[
− t( 1

T ∗2
+

1

2τR
+

1

TOR
)
]
exp(−2∆2t2) (1.2.27)

The Fourier transform of eq. 1.2.26 is a convolution of a Gaussian and a Lorentzian

function. The deconvolution of Gaussian and Lorentzian contributions to the line-

shape will be performed on the experimental data in chapter 4, in order to estimate

inhomogeneous and inhomogeneous broadening in a highly coupled aggregate system.

The homogeneous and inhomogeneous limits can be described as limiting forms for

the fluctuations of a single molecule instantaneous frequency ωi(t) (Lorentzian broad-

ened) through a static distribution of frequencies ∆ (Gaussian distributed). If the

dynamic fluctuations of ωi(t) (figure 1.14) are fast relative to the inverse of the width

of the static distribution ∆−1 the system is homogeneously broadened. If ωi(t) evolves

slower the system is inhomogeneous.

Furthermore, since an equilibrium sys-

tem is ergodic, it will go through every

configuration within the static distribu-

tion of available configurations. This pro-

cess, namely spectral diffusion , is rep-

resented in the figure on the right.

Dynamic disorder:Environment

St
at

ic
 d

is
or

de
r ω1

ω2

ω3

The decoherence (T ∗2 ), caused by both

static and dynamic disorder, results in the

randomization of the phases: when this pro-

cess ends all the coherence is lost. In this

limit, for short timescales (compared to the

excited state lifetime τR) the energy trans-

fer can be described by the Förster model,

once the Boltzmann equilibrium in the ex-

cited state is reached.

On longer timescales (t ≈ τR) the atom is de-excited, and the emitted photon can be

reabsorbed by a neighbor atom; this is the case of RT.
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We can introduce a parameter γD, representing the rate of decoherence and iden-

tifying two timescales: for t < 1/γD the excitation migrates coherently; for t > 1/γD

the process in incoherent and diffusive.

The decoherence rate can also be related to a parameter called electronic coupling

period that allows distinguishing between two different regimes:

• Strong electronic coupling when V/h > γD: here the strong interaction between

chromophores drives the energy exchange between donors and acceptors at a rate

much faster than the decoherence, thus preserving phase memories and producing

delocalized excitonic states.

• Weak electronic coupling when V/h < γD: the system relaxes before ET (Förster

limit).
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1.3 Energy Transfer in molecular aggregates

As already mentioned, an aggregate is a self-assembled molecular superstructure, where

the chromophores are packed together by weak interactions. Therefore, we expect that

the electronic properties of such a material are largely influenced by those of the isolated

molecules, since the latter maintain their individuality in the system. I discussed this

hypothesis in section 1.1, where I showed that the weak interactions justify the use

of the dipole approximation for the potential and the choice of the isolated molecule

wavefunctions as basis to build the excitonic state.

The scientific interest in the field of ET in molecular aggregate is focused on two

main branches: on one hand, photosynthetic and bio-mimetic light-harvesting systems

are able to exploit sunlight and convert it into chemical energy with an enormous effi-

ciency (up to 99% [40]). To do so, this materials contain organized systems of antenna

complexes that absorb sunlight and , via a combination of mechanisms discussed in

the previous section, the energy is transported to the reaction center. Figure 1.17

shows the structure of Photosystem II, which can be found in higher plants and green

algae and that is formed by aggregation of light-harvesting complexes. The major one,

drawn in high resolution, is LHCII, which provides the antennas for sunlight capture.

The chlorophylls, in charge of sunlight absorption, are arranged around a scaffold of

proteins. The absorbed energy is directed to the reaction center (RC).

Figure 1.17: Structural organization of Photosystem II (from ref. [56]).
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The overall picture of exciton dynamics is still the subject of scientific debate be-

cause of the coexistence of different processes, from Förster type ET between weakly

interacting chromophores to large delocalization of the excitation among densely packed

pigments. It is still not clear what is the role played by the coherence [57,58], even if it

has been demonstrated that a coherent component is present in the exciton time evo-

lution. This can be understood by considering that in natural photosynthetic systems

the interaction energy is of the order of 100cm−1, which corresponds approximately to

152K, which is lower than KT . This means that theoretically the quantum contribu-

tion can be of the same order of magnitude than the incoherent one. This has been

confirmed by computational studies carried out on pigments of the bacterium Pros-

thecochloris aestuarii [59]: the estimated value of the dephasing rate γD was about

10−13−10−14, which means that the excitation is coherent over a timescale of the order

of 10-100 femtoseconds. On the same system, Förster theory predicts an hopping time

of the order of a few picoseconds.

The second research goal is the synthesis and investigation of artificial light-harvesting

materials, following the model of photosynthetic systems. Within this topic, the inter-

est is focused on one side on the realization of materials to be used for energy conversion

in photovoltaic applications, on the other on the investigation of ET in model system,

in order to give an answer to many open questions.

In this section I will briefly report on the main theories that try to model exciton

migration in many-body systems. Starting from the simple case of two atoms described

previously, the ET concept will be generalized. Then I will discuss how the disorder

influences the exciton delocalization and the ET efficiency.

1.3.1 Modeling Energy Transfer

In principle, one searches for a unified theoretical model able of describing the ET in

a system in any possible condition, from strong coupling regime, where the excitation

can be widely delocalized over the entire system, to very weak coupling, where, on

the contrary, the excited state largely reflects the single molecule properties. In a real

situation, the system lies between these two limits.

We can summarize the previous discussion by identifying four different regimes

[60–64]:

1) Weak interaction energy and strong coupling with the environment

- The coulomb interaction between chromophores is weak compared with the bind-

ing energies, which establish the electronic configurations of the isolated molecules.

35



CHAPTER 1. EXCITONS

Consequently, the properties of individual chromophores are only slightly mod-

ified by the surrounding interactions, and the exciton can be described as a

combination of single molecule wavefunctions.

- The coupling with the bath is much stronger than the intermolecular interactions,

which means that complete vibrational relaxation to the Boltzmann equilibrium

in the excited state occurs before ET.

The two points above determine the conditions for Förster transfer: the ET is

incoherent and irreversible, and takes place via short hopping steps. This justifies the

use of Fermi’s Golden rule to calculate the ET rate, proportional to the second power

of the interaction energy. The use of the dipole approximation for the potential leads

to a R−6 dependence of the rate and, due to the weak interactions, in the expression

for the FRET rate (eq. 1.2.5) the integral J is proportional to the overlap of the donor

emission and acceptor absorption spectral bands.

2) Weak interaction energy and weak coupling with the bath

The intermolecular interactions are weak such that the wavefunctions of the isolated

molecules are still a good basis to express the excited state.

For the dimer case in the limit of negligible coupling with the environment, a

quantum approach (see section 1.2.4) shows that the excitation periodically oscillates

between donor and acceptor on timescales much shorter with respect to the internal

vibrational rearrangements (i.e. limit of infinitely narrow bands). The ET rate can be

calculated by the first order time perturbation theory, and it is proportional to the first

power of the interaction energy. In case of many-body systems, quantum coherence

drives the delocalization of the exciton.

In the last paragraph of section 1.2.4, the coupling with the bath is treated as a

perturbation factor that shortens the coherence time. In this case time and spatial

coherence are still significantly large.

3) Strong interaction energy and weak coupling with the environment

The interaction energy is larger than the difference of the energetic levels of the isolate

molecules. The situation of two identical molecules was described in section 1.1.2 in

the limit of no bath coupling: the exciton is totally delocalized, and the splitting of

the energy levels is twice the interaction energy (Davydov splitting). In case of many

coupled molecules, the levels are split into many levels and the new transitions have

different oscillator strength depending on the dipoles configuration and on the coupling

strength. The spectral properties of the system cannot be described anymore as the
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sum of those of the single molecules, and they provide information about many-body

properties, like aggregate structure and exciton migration.

When the environmental fluctuations are not negligible anymore, but still weak,

they can be treated as small perturbation of the total Hamiltonian. This is the Red-

field theory that makes use of the second order perturbation theory [65,66].

4) Strong interaction energy and environment coupling

This is the case where both the coupling between chromophores and of the chro-

mophores with the bath are large and cannot be treated as perturbations. The en-

vironment fluctuations tend to localize the exciton in space and to destroy the coher-

ence; the nuclear reorganization occurs on timescale comparable with the interactions

between delocalized states, so the ET takes place in a non-equilibrium situation. This

situation is usually modeled using the modified Redfield theory , which takes into

account exciton-phonon coupling [67,68].

Hybrid situation

In real photosynthetic systems ET often proceeds via short incoherent steps between

weakly coupled domains made of strongly interacting pigments. This means that, even

if the long range transport occurs through a Förster type mechanism, within those

small domains the excitation is largely delocalized. Depending on the strength of the

coupling with the environment, the relative phase between donors and acceptors could

evolve coherently during a limited time interval, until the dephasing prevails [69].

This situation is often described by resorting to the Generalized Förster theory

[70–73] that, starting from a molecular aggregate consisting of m donors and n accep-

tors, by some assumption reduces the problem in a smaller number of dipole-dipole

interactions between a set of effective donor states and a set of effective acceptor states

[74]. These interactions identify the pathway for ET, and the overall rate reduces to a

sum of Förster rates.

Furthermore, in case of a molecular aggregate, where the distances between chro-

mophores can be comparable or smaller than their sizes, we cannot consider anymore

interactions between point-dipoles, because by doing so the shape of donors and ac-

ceptors [74,75] is averaged out. In appendix B some details about the approaches used

to calculate the intermolecular coupling are discussed.
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1.3.2 Static and dynamic disorder

In general, in order to model the exciton dynamics in a complex system, we need to

solve the eigenstate equation HΦf = EfΦ
f , where H has the form in eq. 1.1.20 and Φf

is in eq. 1.1.18. The diagonal elements of the Hamiltonian are the transition dipoles

of the isolated monomers, and the off-diagonal elements are the interaction potentials

that can be calculated from the aggregate geometry, assuming a particular form of

the interactions (e.g. dipole dipole coupling, Lennard-Jones, etc). In section 1.1.2 we

solved analytically the equation for a coupled dimer. In the case of a disordered system,

obtaining eigenvalues and eigenvectors of the excitonic states requires the diagonaliza-

tion of the matrix Hamiltonian H on the left of figure 1.18, where the diagonal elements

are the site energies and the off diagonal elements are the electronic couplings. The

diagonalized Hamiltonian D (right of figure 1.18) is

D = Q−1HQ (1.3.1)

where Q is the coefficients matrix, whose elements squared q2
ij represent the probability

of the ith exciton to be localized on the j-th site. From the exciton wavefunctions of

the Hamiltonian H, it is possible to obtain the total transition dipole µf (eq. 1.1.21)

and the dipole strength ( eq. 1.1.22) that express the transition probability and that

allows reconstructing the absorption spectra of the aggregate.
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Figure 1.18: Matrix in site basis (left) to be diagonalized in order to obtain the exciton
energies Ei (right).

In complex systems the solution of equation 1.3.1 is not analytical, and some sim-

plifying assumptions are necessary. At the end of the previous section I introduced

static and dynamic disorder, associated to the presence of defects or to environment
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fluctuations, respectively. This disorder is added in the matrix in figure 1.18 as a dis-

tribution of the site energies {εi} (diagonal disorder) or distribution of couplings {Vij}
(off-diagonal disorder):

1. If the system is dominated only by dynamic disorder, i.e. it is homogeneously

broadened, all the site energies are the same along the diagonal, and, correspond-

ingly, the band of each monomer is broadened homogeneously. In the limit of

weak interaction energy, the dipoles fluctuations due to bath coupling are uncor-

related. If we move from a coupled dimer to an infinite polymer, a Motional

narrowing (or exchange narrowing) of the linewidth (see figure 1.19) takes

place, which can be explained by the central limit theorem in case of indepen-

dent fluctuations (Kubo formula in the limit of correlation time τc → 0). The

narrowing can be explained by considering that the localization of the exciton in

a finite system has the same effect than static disorder that destroy the infinite

periodicity condition and that causes a Gaussian broadening of the linewidth (be-

cause at the border the molecules feel different environment). By increasing the

number of molecule participating to the excited state the situation approaches

the limit of the ideal exciton that is delocalized over an infinite number of iden-

tical molecules; in this case, the lineshape would be completely Lorentzian, and

the width determined by the intrinsic lifetime and the environment fluctuations.

Figure 1.19: Effect of motional narrowing from a single molecule to an infinite polymer.
From ref. [76]
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2. Now we add static disorder, which means that the site energies are different

from one another, and this brings to inhomogeneous broadening of the exciton

linewidth. This diagonal disorder is usually introduced by an offset δn (with

Gaussian distribution) such that the diagonal Hamiltonian is Hnn = εn + δn.

It has been demonstrated [77] that static disorder causes phase cancellation and

Anderson localization: the exciton spreading over many molecular units is limited

by the presence of defects, which act as exciton traps.

3. Similarly, we can imagine a structural disorder that leads to a distribution of

donor-acceptor separations and orientations, which can be modeled with a distri-

bution in interaction energies (off-diagonal disorder). Since this kind of disorder

is supposed to be influential for large intermolecular distances, and the coupling

falls off in the long range, usually the off-diagonal disorder is set to zero (Vi 6=j = V )

and only coupling between nearest neighbors is considered [74].

Finally, the medium surrounding the molecules influences the effective potential. In

the approximation of distant molecules in a non dispersive and isotropic medium, each

coupling element Vij is screened by n−2 = ε−1 [74]. However, in many cases models must

take into account specific interactions between chromophores (e.g. hydrogen bonds)

that act at short distances.

Coupling with the environment

The system-bath interaction (e.g. effect of the temperature) is dynamic disorder, which

brings to homogeneous broadening. The relevance of the environment surrounding the

chromophores is indicated by the amount of fluorescence Stokes shift, defined as the

difference between absorption and emission central frequencies νA − νF that measures

the energy loss during the relaxation from an excited state, due to different phenomena:

- The coupling with the surrounding environment, whose effect is shown in figure

1.20a. This is a dynamic contribution that can affect the exciton dynamics,

depending on the comparison between the two timescales. Very briefly, if we

consider a molecule in solution in its ground state, the solvent dipoles are arranged

in the minimum potential configuration. When the molecule is excited in its

Frank-Condon state, it is initially in non equilibrium with the surroundings,

which relaxes in slightly longer timescale, thus lowering the energy of the excited

state. Similarly, after emission the energy of the system is still higher than the

ground state configuration, which is reached after solvent reorganization and

energy loss. The process just described is represented on the left of figure 1.20a,

and the experimental consequence is a non-zero Stokes shift.
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- The possible vibrational cooling and other intra-molecular relaxation toward the

Boltzmann equilibrium of the excited state, such as Internal Conversion (IC) and

Intersystem Crossing (ISC).

The Stoke shift is related to another important parameter important parameter,

the internal reorganization energy λ that reflects the geometric changes of a molecule

when going from the ground state to the excited state. A good approximation for

the reorganization energy in case of a single molecule with two energetic levels and in

equilibrium condition is λ = νA−νF
2
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Figure 1.20: a): Schematic representation of the solvent reorganization around the
molecule after excitation and after emission. b) Identification of reorganization ener-
gies λ1 and λ2 in the ground state and excited state respectively, following a vertical
transition to the Frank-Condon state.

The general Hamiltonian describing the dynamic of Frenkel excitons in a complex

system is [61,78]

H = H0 +Hint = (1.3.2)

=
∑
n

εfncfn|ψfn >< ψfn|+
∑
n

∑
m

Vnm|ψfn >< ψfm|

where εfn are the exciton energies of the wavefunction |ψfn >, previously defined in

eq. 1.1.18 (section 1.1), and Vnm is the dipole-dipole interaction. In presence of bath

interaction the phonon Hamiltonian Hph and the electron-phonon coupling Hel−ph needs

to be added to eq. 1.3.2 [61,78,79].
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The phonon Hamiltonian is usually expressed as a sum of harmonic oscillators,

which represent the dynamical modulation of the transition energies due to thermal

fluctuations, which drive the system in and out resonance during ET:

Hph =
1

2

∑
k

(p2
k + ω2

kq
2
k) =

∑
k

ωk(b
†
kbk +

1

2
) (1.3.3)

where b†k and bk operators create and annihilate, respectively, a phonon of energy ~ωk.
The general electron-phonon coupling is

Hel−ph =
∑
n

∑
k

gnk (b†k + bk)|n >< n| (1.3.4)

The sums are on the electronic states n and the bath vibrational modes k, whose

contribution is weighted by gnk ; the latter represents the electron-phonon coupling (be-

tween the each mode n and λ). gnk is indeed the reorganization energy that the system

in the state n exchange with the vibrational bath mode λ.

The distribution of phonon frequencies coupled to the electronic state n is the

spectral density j [40, 79]

jn(ω) =
∑
k

|gnk |2δ(ω − ωk) (1.3.5)

and the energy associated with equilibration of the environment after excitation is

quantified by the total reorganization energy λ

λn =

∫ ∞
0

jn(ω)/ωdω (1.3.6)

Since the frequency dependence of the electron-phonon interaction can be very

complicated, as well as its mathematical expression, the spectral density is usually

approximated as

j(ω) ∝ ω1−s
c ωs−2e−

ω
ωc (1.3.7)

where ωc is a cut-off frequency and s is an integer number. Both this parameters

are chosen in order to fit the experimental data. The case s = 1 is known as Ohmic

spectral density, whereas s > 1 is super-ohmic and s < 1 is sub-ohmic.

The lineshape function can be expressed in terms of spectral density. By doing

so, it is possible to show that a spectral density that scales as 1/ω (ohmic) is due

to interaction with a rapidly fluctuating bath and leads to a homogeneous Lorentzian

lineshape. Similarly, by assuming a particular spectral density, it is possible to infer

the resulting lineshape.
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The coupling with the bath (dynamic disorder) can play different roles in the ET

process, where mechanisms of coherent and incoherent phenomena compete in the

overall exciton migration:

• In the weak interaction energy regime, the transition frequencies of donor and

acceptor fluctuate independently, which means that the spectral overlap j in the

FRET rate in eq. 1.2.5 changes continuously. A resonance event occur when the

donor-acceptor gap is exactly compensated by the total reorganization energy of

the two chromophores λ =
∑

λ[(g
D
λ )2 + (gAλ )2]~ω [74]. In this regime dynamic

disorder favors ET, because it broadens the vibrational bands and raises the

probability of a resonance event.

• In the strong interaction energy regime, I showed that the exciton migration is

predominantly coherent. Therefore, the environment fluctuations drive the sys-

tem out of resonance and prevent the instantaneous delocalization of the exciton

among many molecular units (dynamic localization) [40].

Temperature dependence

The consideration in the previous paragraph are summarized by an experimental study

[80], whose results are shown in figure 1.21 performed on the triethylammonium salt

of 3,3’-disulfopropyl-5,5’-dichloro-9-ethylthiacarbocyanine (THIATS) compound (inset

of the figure). The plot shows the relative QY as a function of temperature, i.e. of

dynamic disorder: at low temperatures the increase in temperature causes dynamic

localization and decreases the ET. On the contrary, at higher temperature, where the

transfer is mainly incoherent (dephasing is very efficient), the bath coupling promotes

the ET because the bands are broadened. It is noticeable that there is a temperature

range where the transfer is independent of the temperature; its value corresponds to

the point where Anderson and dynamic localization compensate each other [81,82].

Theoretically, every system should show this behavior as a function of temperature.

From the experimental point of view, molecular aggregates usually present a high

degree of static disorder, so that, even at low temperature, the Anderson localization

dominates over the dynamic one. In other words, the excitons are likely to be trapped in

defects and high temperatures enhance the bath fluctuations, allowing for excitons de-

trapping [83]. In the work of figure 1.21, the authors demonstrate that the system under

investigation is rather ordered, because in this case the turning point temperature,

around 50 K, is definitely higher than that reported in previous literature studies,

where coherence phenomena have been observed at much lower temperatures.

In figure 1.22 the transfer time and the ET efficiency are plotted as a function of
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Figure 1.21: QY as a function of temperature for THIATS compound (chemical struc-
ture in the inset). From ref. [80]

the dephasing rate, in case of the Fenna-Matthews-Olson (FMO) complex [84]. The

authors show that the maximum efficiency and highest transfer rate occur at a value

of the dephasing rate that corresponds to the room temperature. This result suggest

that photosynthetic systems shaped their properties in order to adapt themselves to

the surrounding environment condition, as a consequence of the natural selection.

Another study on FMO preformed by. G. Panitchayangkoon et al [85] on the

dephasing rate as a function of temperature is shown in fig. 1.23, showing that the

coherence is retained longer at lower temperatures.

Figure 1.22: ET efficiency and transfer time as a function of the dephasing rate in case
of the FMO complex. From ref. [84]
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Figure 1.23: From 2DES measurements on FMO complex: amplitude of cross peaks as
a function of population time at different temperatures. In the inset dephasing rate as
a function of temperature. From ref. [85].
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1.3.3 Super-radiance

Super-radiance is a collective emission phenomenon, characterized by high QY and

large radiative decay rate, due coherent exciton delocalization over several lattice sites.

This process can be qualitatively understood by considering that thermally excited

atoms emit light randomly, and the emitted intensity is a function of the number of

atoms, N . However, if the atomic antennas are coherently radiating in phase with each

other, the net electromagnetic field is proportional to N , and therefore, the emitted

intensity goes as N2 [86]. The cooperation may range from from maximal enhance-

ment (super-radiance or super-fluorescence), to maximal suppression (subradiance),

corresponding to constructive or destructive interference, respectively [87,88].

The mathematical theory for super-radiance was developed by Dicke in 1954 in

case of a radiating gas, where the interaction of the molecules with a common radia-

tion field gives rise to coherence in the emission process [87–90]. In the limit of system

size smaller than the wavelength of the radiation and large number of molecules N ,

Dicke showed that the emission rate turns to be proportional to the square of the

molecular concentration N2, rather than to the concentration, as for standard spon-

taneous (incoherent) emission process. As a result, the atoms radiate their energy N

times faster than for incoherent emission. Dicke introduced the cooperation number r

for a system consisting in N independent 2-levels molecule. The parameter r is related

to the eigenvalue of the internal reorganization energy of a single molecule. The larger

is r, the larger is the spontaneous radiation rate of the gas.

Later on, some authors [91, 92] transferred the Dicke assumption of weakly inter-

acting molecules and the dipole-dipole approximation to molecular aggregates, where

it was shown that the radiative decay rate of aggregates consisting N molecules is γN ,

where γ is the radiative rate of a single molecule.

The discussion of collective emission is more complicated when the size of the ag-

gregate is close to the excitation wavelength: in this case, the trend of the radiative

rate loses its linearity in N and approaches saturation. However, it is still possible to

describe the enhanced emission in terms of an effective number N∗ of molecules par-

ticipating in the emissive excited state [88–93]. The extent of this coherence domain,

or exciton delocalization, is determined by several factors, such as the exciton-phonon

interaction (dynamic disorder) [93–95]. For low frequency phonons, an empirical rela-

tion for the temperature dependence N∗T−1/3 was obtained [93]. The static disorder

can further quench the super-radiance phenomenon [91].

Superradiant emission has been observed in molecular J-aggregates as well, such as

carbocyanine dye J-aggregates [96] and pseudoisocyanine J-aggregates [97–100].
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Incoherent dipoles phase Coherent dipoles phase

Independent emission processes Cooperative emission

Figure 1.24: Representation of Luminescence (left) vs Superradiance (right): incoherent
dipole emission vs cooperative emission.

1.3.4 Non-linear interactions

The processes presented until now do not fully describe the exciton decay rate mea-

sured by time-resolved fluorescence spectroscopy [101–103]. There is a further effect,

non linear in intensity, that becomes important at high exciton densities: EEA. This

phenomenon occurs when the delocalization of many excitons brings their wavefunc-

tions to spatially overlap at a single molecular site: the excited state populations

interact with loss of energy that is transferred into heat or triplets formation, leading

to shortening of the lifetime and decrease in quantum efficiency [104]. In figure 1.25

EEA between two exciton quasi-particles is represented as a two-steps process where,

following the collision, one of the two exciton is excited and the other is annihilated

[105].

EEA is usually modeled through a modified classical random walk equation:

d(p(t))

dt
= −p(t)

τ
− fγp(t)2 (1.3.8)

where p(t) is the exciton population density, τ is the exciton lifetime in the low

density limit (no multi-exciton interactions), γ is the annihilation rate constant and f

is a prefactor that strongly depends on the dimensionality of the system [84]. Equation
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Figure 1.25: Representation of EEA between two exciton quasi-particles: when they
interact, part of the energy of one exciton is transferred to the other one that is excited
to an upper level and subsequently relaxes again to the initial level. From ref. [105]

1.3.8 needs to be modified in order to take into account static and dynamic disorder.

In many cases the final version of the equation cannot be solved analytically.

EEA is observable only in very ordered systems, where excitons are delocalized

enough to overlap with other excitons. Generally, organic aggregates are disordered,

which means that the delocalization of the exciton is limited to few sites before many

excitons interactions occur. However, EEA has been observed in the Carbocyanine

tubular aggregates at very low fluxes of excitation. I will present the experimental

details in section 4, as well as a novel model to describe exciton migration, relaxation

and annihilation in presence of disorder, in case of quasi one-dimensional transport in

a J-aggregate system.

1.3.5 Summary

At this point I can enumerate the different phenomena occurring in the ET:

1. Initial excitation that induce an exciton distribution in the system.

2. Delocalization of the Frenkel exciton over a spatial extent determined by the

degree of order in the system (Anderson localization) and the amount of environ-

ment fluctuations (dynamic localization).

3. Coherent phenomena occurring on femtosecond timescales in case of slow bath

fluctuations and strong intermolecular interaction. Dephasing and loss of coher-

ence depending on the dynamic disorder.

4. different ET mechanisms (FRET, RT, DT, CRET).

5. EEA: loss of excitation due to excitons interacting with each other.

48



2
EXPERIMENTAL METHODS

In this chapter I will describe the experimental details and procedures used to perform

spectroscopic investigation of two organic molecular compounds. The experimental

study that I performed was directed to understanding the excited state dynamics using

stationary and time-resolved spectroscopic techniques, as well as coherent multidimen-

sional technique. The chapter is organized as follows:

1. The first section concerns the preparation procedure of the samples. I studied

two different systems: a ZnPc based molecule (see chapter 3) in ethanol solution

and adsorbed on titanium oxide (TiO2) and zirconium oxide (ZrO2) films. H-

aggregation was found to occur under different conditions, and further studies

were performed in chloroform (CHCl3) solution (chapter 5).

2. In the second section, I will describe the TAS setup located in the Ultrafast group

of prof. Paolo Foggi at LENS, where we carried out pump-probe measurements

on the ZnPc molecule, in order to extract information about the excited state

dynamics and the electronic structure of the molecule.

3. In the third section I will show the experimental techniques employed in the

Bawendi group at MIT to study the exciton properties of a cyanine-based J-

aggregates: stationary absorption and fluorescence spectroscopy was performed

as a function of temperature; an homemade fluorescence setup was coupled with a

fiber and with a streak camera in order to probe intensity dependent fluorescence.

4. In the last section I will describe the 2DES setup in the Ultrafast group of prof.

Roberto Righini at LENS. 2DES is a coherent multidimensional spectroscopy

that allows probing at the same time a large number of degree of freedom of the

system and the couplings between them with an excellent time and frequency

resolution. This powerful technique was used to investigate the effect of H-type

aggregation on the exciton dynamic in the ZnPc system of point 1).
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2.1 Samples preparation

2.1.1 Zinc(II)-Phtalocyanine

The synthesis of the ZnPc dye, whose spectroscopic investigation will be fully presented

in chapter 3, was carried out by Gloria Zanotti and coworkers and it is reported in refer-

ence [10]. The authors characterized the molecule by means of stationary spectroscopy

(IR, UV-vis) and MALDI-MS spectrometry.

The samples consisting of dye adsorbed on metal oxides (TiO2 and ZrO2) films

were obtained from a 10−4M solution in ethanol that was dried completely in air. All

the solvents used were CarloErba RPE.

The suspension of zirconia nanoparticles was prepared using a procedure similar to

the sol-gel technique reported in reference [106], while for the TIO2 films a commercial

screen printing paste (Dyesol 18NRT) was used. Both suspensions were spread on the

substrates, dried in air and sintered at 450oC for 20 minutes. The desired thickness

(3 − 4µm) was achieved by means of adhesive tapes as spacers, and measured with a

DektakXT profilometer (Bruker).

2.1.2 Carbocyanine C8S3 J-aggregate

The dye 3,3’-bis(2-sulfopropyl)- 5,5’6,6’-tetrachloro-1,1’-dioctylbenzimidacarbocyanine

(C8S3), self assemble in aqueous solution to form tubular, double-walled J-aggregates.

Here I will describe the preparation method of the samples studied in 4. The Light

harvesting nanotubes self-assemble from the commercial (FEW Chemicals) monomer.

Two sample preparation techniques are described in literature, which give nan-

otubes of different walls radii. The direct route [107–110] consists in diluting the

monomer in water until full aggregation occurs; in this case the nanotubes have inner

wall radius of ≈ 5.4 nm and outer wall radius of ≈ 7.8 nm [108]. We employed the

Alcohlic route [23, 109–114] that involves two steps: the monomer is first dissolved in

MeOH and then added to deionized water for aggregation; in this case, the inner and

outer wall radii are in this case 6 nm and 13 nm respectively [23, 115]. We mixed

260µl of 2.92 mM C8S3 monomer in methanol with 1 ml deionized water, and let the

molecules aggregate overnight. Then we mixed 100µl of this solution with 100 µl of

amorphous sugar matrix, that is a saturated solution of 50% Sucrose (Sigma-Aldrich)

and 50% Trehalose (Sigma-Aldrich) by weight. We deposited the uniform thick film ob-

tained (3.7710−2M) onto a 0.2 mm path length quartz cuvette (Starna cells) and place

it under reduced pressure (0.5 atm) to dry for 24 hours. This sugar-matrix procedure

enhance the stability and reduces the PD under light exposure.
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2.2 Transient Absorption Spectroscopy

TAS is an experimental method that allows probing the excited state dynamics at

picoseconds timescales by using ultrafast excitation. A narrow band pump pulse excites

a particular electronic transition of the system within the UV-visible region of the

spectrum; following the excitation, a broadband probe pulse is sent to the sample at

different delay times, to probe the time-dependent response during the electronic and

vibrational relaxation.

2.2.1 TAS setup

Master oscillator (Ti:S): 

Spectra physics

Tsunami

Regenerative

ampli!er

TOPAS

SHG/THG

delay

line

BS

BS

BS

CaF
2

double array

detector

p
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b
e
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fe

re
n
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white
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Figure 2.1: Scheme of TAS setup.

The TAS setup is shown in figure 2.1 and it has already been described in details

previously [116–118]. The master oscillator is the Spectra physics Tsunami: a tita-

nium:sapphire Kerr lens self-mode locked laser, which emits pulsed light, tunable in

the range from 650 nm to 1100 nm. Output pulses are vertical polarized, with 70 fs

temporal length, 82 MHz rep. rate and centered around 800 nm. The oscillator is

pumped the Spectra Physics Millennia, a Continuous Wave (CW) Nd:YVO laser that

emits at 532 nm (frequency doubled in the cavity) and that is in turn pumped by

diodes.

The beam pass through a Regenerative amplifier (BMI alpha 1000) pumped by an

YLF laser, where it is first stretched and then trapped in a resonant cavity (active

medium type I β−Barium Borate (BBO) crystal) by mean of Pockel cells. The extrac-
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tion of the beam is synchronized with the YLF laser, so that the rep. rate is now 1

KHz. After compression, the output pulses have an average energy of 600 mW and

100 fs temporal length.

A beam splitter 95/5 divides pump and probe, that is about 1− 2 mW .

If the experiment requires tuning the pump wavelength in the visible region, the

more energetic beam is directed to the TOPAS (Travelling wave Optical parametric

Amplifier of Super-fluorescence, [119, 120]): from an incoming photon at 800 nm, the

BBO non-linear response generates two photons in the red region of the spectrum (in

the region 800 − 1600 nm and 1600 − 2400 nm), called signal and idler respectively.

Frequency tuning is obtained by varying the phase matching condition. These photons

can be used either as excitation source or mixed in a non-linear crystal to produce

photons in the blue region of the spectrum. If an excitation in the UV is needed, the

output of the regenerative amplifier is sent to a BBO crystal for SHG (400 nm) or

THG (266 nm).

The probe beam crosses a 2 mm thick CaF2 plate to generate a broad band pulse

(white continuum), containing wavelengths from 350 nm to 750 nm. Alternatively, the

Fluorite plate can be substituted with Sapphire that generates from 500 nm to 100

nm.

Another beam splitter separates probe and reference, which are focused on the

sample in different spots by means of a parabolic mirror. The pump is focused in the

same spot of the probe and then blocked before the detector.

Pump and probe are set to the magic angle (54.7o) to remove the effect of the

relative orientations of the excited molecules.

The non-linear response of the sample is collected by a parabolic mirror and focused

on the monochromator (Jobin-Yvon CP 140-1824) slit. The detector consists in a

double photodiode array (Hamamatsu), one for the probe and the one for the reference.

The signal acquisition is processed by an home-made front-end circuit connected to the

acquisition board AdLink-Daq-2010, and the data is further processed in LabView.

2.2.2 Response function and data treatment

The Transient Transmittance is defined as:

T (λ, τ) =
(Iprobe)ON
(Iprobe)OFF

= T (t) =
IT (λ, τ)

I0(λ, τ)
(2.2.1)

where (Iprobe)ON is the intensity of the probe pulse passed through the sample at

a fixed delay time τ from the excitation pump pulse, that has previously excited the

sample; (Iprobe)OFF is the probe beam intensity in absence of the pump.
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Several steps are involved in the actual signal acquisition of a TAS experiment:

1. To reduce signal fluctuations, the intensity of the probe is always normalized by

the intensity of the reference beam that crosses the sample in a different position

with respect to the pump-probe couple. The first measurement is with the pump

off: (Iprobe)OFF/(Iref )OFF

2. The second measurement is with the pump on: (Iprobe)ON/(Iref )ON . Note that

the reference intensity is the same, regardless of the presence or absence of the

pump.

3. To subtract the stationary fluorescence induced by the pump, the light that

reaches to the two arrays is collected in absence of probe and reference: Fpr on

the probe array and Fref on the reference arrays.

4. Finally, the transmittance is calculated as the ratio

T =

(Iprobe)on−Fpr
(Iref )on−Fref

(Iprobe)off
(Iref )off

(2.2.2)

The signal is often expressed as transient absorbance, according to

∆A(λ, τ) = −log(T (λ, τ)) (2.2.3)

Figure 2.2 gives a schematic description of the different transitions experienced

by a three-level (plus vibrations) molecule undergoing visible excitation, which are

responsible for the typical features of a transient spectrum:

- Ground State Bleaching (GSB): it is a negative ∆A signal that decays in time due

to the depopulation of the ground state that slowly recovers. The time constant

of the ground state recovery gives information about the processes involved in

the relaxation of the excited state.

- Excited State Absorption (ESA): it is a positive signal due to the increase in

excited state population, that causes an increase of probe absorption at the cor-

responding frequencies. ESA decays with a time constant corresponding to the

lifetime of the excited state.

- Stimulated Emission (SE): it is a negative ∆A signal due to an increase of probe

intensity at the frequencies corresponding to the difference between two electronic
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states. If the SE happens from the state initially excited by the pump, the signal

is superimposed to the GSB.

S
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ESA

SIE
xc

it
a

ti
o

n

internal

conversion and

intersystem crossing

S
1

Triplet deactivation

(static signal on

TAS timecalses)

Figure 2.2: Simple scheme of possible transitions of a molecule following visible exci-
tation.

The measured signal is a convolution of the Instrument Response Function (IRF)

g(t′ − t) with the molecular response function R(t′):

S(τ) =

∫ +∞

−∞
dt′
∫ +∞

−∞
dtIprobe(t− τ)Ipump(t− t′)R(t′)

=

∫ +∞

−∞
dt′g(t′ − t)R(t′) (2.2.4)

where IRF is the pump-probe correlation function, obtained from eq. 2.2.4 in the limit

of instantaneous response R(t) = δ(t):

lim
R(t′)→δ(t′)

S(τ) = g(0) (2.2.5)

The IRF is usually measured by Heterodyne Detected - Optical Kerr Effect (OHD-

OKE) or by recording a spectrum where it is present a peak due to Stimulated Raman

Gain (SRG), whose response function is actually instantaneous. The IRF is given by

the SRG intensity as a function of pump-probe delay time over the entire spectrum;

the group velocity dispersion can be measured by recording the signal frequency as a

function of the pump-probe delay.

The deconvolution of the IRF to extract the molecular response function is de-

scribed in [121].
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Glotaran software[122, 123] for Global Analysis, based on Single Value Decompo-

sition, was used to extract the main contributions to the excited state dynamics. It

considers two different possible models (sequential or independent events) for the time

evolution.

Transmittance depends on the concentration of chromophores in the states involved

in the dynamics. If we consider the example in figure 2.2 we can write

T =
IT
I0

= exp {−l[ε1C1(t)− ε0C0(t)]} (2.2.6)

where C0(t) and C1(t) are the time dependent concentrations of the ground and first

excited states, the ε’s are their molar absorbances and l the optical path (or the focus

length). We can define A0 = Clε0 and A1 = Clε1 where C is the total concentration

within the focal volume; the ground and excited state population concentrations can

be expressed in terms of the molar fraction excited x(t): C1(t) = C · x(t) and C0(t) =

C · (1− x(t)). Equation 2.2.6 thus becomes

T = exp {−A0[1− x(t)] + A1x(t)} = eA0ex(t)[A1−A0] (2.2.7)

Dividing by for the stationary transmittance e−A0 , that is the transmitted fraction

of the probe beam in absence of the pump, the transient transmittance as measured in

a TAS experiment (see eq. 2.2.2) is obtained:

T (t) = R(t) = ex(t)[A1−A0] ≈ 1− x(t)[A1 − A0] (2.2.8)

where the last equality is valid in the limit of low concentration of excited molecules.
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2.3 Spectroscopy on C8S3 J-aggregate

2.3.1 Stationary absorption and emission

Stationary absorption and emission measurements were performed using the Spectrom-

eter Cary UV-Vis and the fluorimeter Horiba Jobin Yvon Fluoromax respectively. Low

temperature experiments were carried out using a cold finger cryostat (Janis ST-100).

To probe exciton annihilation process occurring in the sample, we measured sta-

tionary fluorescence as a function of excitation power. We used two different excitation

source: the frequency-doubled 400 nm output of Ti:Sapphire oscillator (Coherent Mira)

or the Toptica Femtofibre TVIS, which generates pulses centered around 520 nm and

300 fs temporal duration. The exciton population density was estimated by using

a single photon counting avalanche photodiode (Micro Photon Device) and time cor-

related single photon counter (Picoquant PicoHarp), with time resolution of about 4

ps.

The relative QY of the sample was monitored by recording the power with a power

meter (Thorlabs) and simultaneously collecting the spectra through a spectrometer

(Ocean Optics HR2000). After each collection, the sample was translated of about 100

µl to avoid the observed reversible PB.

We measured the spot size of the laser on the sample surface using a USB camera

and razor blade.

PB and PD processes were investigated using an homemade fluorimeter (figure 2.3).

To prevent PD, the sample was placed in a ST-100 Janis cryostat under vacuum even

for room temperature measurements. The beam was focused on the sample by a 8

inches lens, with a spot size on the sample surface of about 25 µm (Gaussian waist).

The fluorescence was collected with a 2 inches parabolic mirror and sent to an Ocean

Optics HR2000 spectrometer.

We used four excitation sources to study the behavior of the sample under different

conditions:

- a supercontinuum pulsed laser Koheras SuperK Extreme (NKT Photonics, 78

MHz repetition rate, Spectral Dual filter output) set to 532 nm.

- A continuum laser diode (Thorlabs CPS532) at 532 nm

- The femtosecond pulsed laser Coherent Mira (800 nm, 78 MHz rep. rate ,

pumped by the Coherent Verdi G series at 532 nm), frequency-doubled to 400

nm.

- A continuum diode laser (Melles Griot) at 400 nm.
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Figure 2.3: Schematic illustration of the homemade fluorimeter used for PB/PD mea-
surements.

The results shown in figure 4.20 were obtained by varying the SuperK excitation

power from 2.6W/cm2 to 34.2W/cm2. As expected for effects due to direct absorption

of the sample, significantly higher power (of the order of 500W/cm2) was required to

obtain the same results in case of 400 nm excitation.

2.3.2 Streak Camera technique

The time-resolved fluorescence was collected with the setup described above, coupled

with a Streak Camera Hamamatsu C5680, operating in syncroscan mode (using the

syncroscan sweep unit Hamamatsu M5675). The collimated fluorescence passed a

couple of square mirrors and was focused at the Streak Camera entrance slit. The

set-up was designed to preserve the full time-resolution of the signal, 14ps. For the

lifetime measurements, we used the output of the femtosecond mode-locked pulsed

laser Coherent Mira (78 MHz rep. rate), frequency-doubled to excite the sample at

400 nm. Lifetime data were recorded at significantly lower photon flux (0.2W/cm2),

in order not to perturb the overall fluorescence spectrum.

A slightly more sophisticated experiment consisted in measuring the Photolumines-

cence (PL) trace while irradiating the sample with visible light (using SuperK source of

CW diode lasers). This excitation beam was blocked every 5s and the lifetime collected

by switching to the femtosecond excitation.
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2.4 2D electronic spectroscopy

2DES is a coherent multidimensional technique that allows decoupling different degree

of freedom involved in the excited state dynamics of a molecules ensemble. A theoretical

introduction (from references [124–127]) is required to understand the basic concepts

of this experimental method.

2.4.1 Theoretical background

I introduced in section 1.2.4 the density matrix that allows describing the state of a

system in a compact way. If the time dependent Hamiltonian of the system can be

written in the form H = H0 + V (t), where H0 is time-independent and VI(t) is the

perturbation, the Liouville equation in the interaction picture1 becomes

∂ρI
∂t

= − i
~

[VI(t), ρI(t)] (2.4.1)

The formal solution is

ρI(t) = ρ0 −
i

~

∫ t

−∞
[VI(t

′), ρI(t
′)]dt′ (2.4.2)

where ρ0 is the equilibrium density matrix at t = −∞. In the approximation of weak

perturbation VI , Eq. 2.4.2 has an iterative solution that leads to a density matrix

expansion in powers of the interaction potential, with time ordered ti integration:

ρI(t) = ρ0 −
i

~

∫ t

−∞
[VI(t

′), ρ0]dt′ + (2.4.3)

+
(
− i

~

)2
∫ t

−∞
dt2

∫ t2

−∞
dt1
[
VI(t2), [VI(t1), ρ0]

]
+ ...+

+
(
− i

~

)n ∫ t

−∞
dtn

∫ tn

−∞
dtn−1...

∫ t2

−∞
dt1

[
VI(tn),

[
VI(tn−1), [VI(t1), ρ0]...

]]
+ ...

= ρ(0) + ρ(1) + ρ(2) + ...ρ(n) + ...

V(t
1
)

(observe)

... ... ...V(t
2
) V(t

n
) t

-∞

In section 1.2.4 I discussed the effect of applying an oscillating electric field to a

two-levels system, in the semiclassical approximation (V (t) = −~µ · ~E). By solving the

Liouville equation with the first order perturbation theory, we find beatings of both

1In the interaction picture states and operators are defined as: |φI >= U†
0 |φS > and VI(t) =

U†
0 (t)VSU0(t), where U0(t) is the time propagator for the time-independent Hamiltonian H0. The

subscripts S and I stand for Schrödinger and Interaction picture, respectively. Thus ρI = U0ρSU
†
0
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the population (diagonal) and coherence (off-diagonal) terms of the density matrix. As

already mentioned, the off-diagonal elements describe a pure quantum state that has

no classical analogy: the system is in a coherent superposition of states, i.e. it is at the

same time in different configurations. Observation makes it collapse in a single state,

whose probability is given by the square of the linear combination coefficient.

The coherent superposition state can be prepared by applying an electromagnetic

field, which interacts with the system producing a macroscopic polarization resulting

from the coherent oscillation of the molecular dipoles. We can write

P̄ (t) =

∫ t

0

dτR(t)E(t− τ) (2.4.4)

where R(t) is the molecular response function, in analogy to eq. 2.2.4. In the frequency

domain eq. 2.4.4 becomes

P̄ (ω) = χ(ω)Ē(ω) (2.4.5)

where the proportionality factor χ(ω) between the polarization and the electric field is

the frequency-dependent susceptibility of the system.

The classical macroscopic polarization can be identified with the quantum expec-

tation value of the dipole moment:

P̄ (t) ≡< µ̂ >= Tr(µI(t)ρI(t)) (2.4.6)

By substituting ρI in eq. 2.4.3 we obtain the full expression of the non-linear

Polarization :

P̄ (t) = Tr(µ̄Iρ
(0)
I ) + Tr(µ̄Iρ

(1)
I ) + Tr(µ̄Iρ

(2)
I ) + ...

= P (0) + P (1) + P (2) + ...P (n) + ... (2.4.7)

At the n-th order we have (by an easy change of time variables)

P̄ (n)(t) =

∫ ∞
0

dτn

∫ ∞
0

dτn−1...

∫ ∞
0

dτ1R
(n)(τ1, τ2, ...τn)

~E(t− τn) · ~E(t− τn − τn−1) · ... · ~E(t− τn − τn−1 − ...− τ1) (2.4.8)

where the n-th order response function is

R(n)(τ1, τ2, ...τn) =

(
i

~

)n
Θ(τ1)Θ(τ2)...Θ(τn) (2.4.9)

Tr
{[[

...[µI(τn + τn−1 + ...+ τ1), µI(τn−1 + τn−2 + ...+ τ1)]...
]
, µI(0)

]
ρ0

}
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Omitting the details of the derivation, we find that the response function is equal to

the imaginary part of the dipole time correlation function. The procedure for building

the response function at any order can be expressed in a graphical form by means

of Feynman diagrams, describing the time evolution of the density matrix due to the

n-th perturbation. We can identify the rules to be adopted for building the dipole

correlation function at the n-th order.

• Time evolves in the vertical direction.

• The density operator is represented by two parallel vertical lines, that describe

the evolution of the ket (left) and of the bra (right) of the density matrix.

• Perturbations are represented by arrows, incoming for absorption processes and

outgoing for emission processes, that are described by complex conjugated fields.

On the ket, absorption is associated with e−iωt, emission from the ket with eiωt.

The opposite holds for the bra.

• From the assumption that the interaction potential has the form V (t) = −~µ · ~E,

each interaction adds a µij, so that the final expression for the n-th order response

function contains the product of n µijfactors.

• In case of a resonant interaction (i.e. when the frequency of all the applied fields

equals the energy gap of the two-level system), the response function consists of

2n−1 independent terms. The number of those terms can be further reduced by

imposing conditions on the direction of the wavevectors |ki| = 2πn
λ

(n being the

refractive index) of the applied fields and their time ordering.

• We can define the Propagator 2 Ĝ(t) that describes the evolution of the density

matrix in the time intervals between two subsequent perturbations. During these

intervals, the system is driven by the unperturbed Hamiltonian H0, so that the

evolution of ρij matrix element is described by Ĝ(t) = e−iωt, with ω =
Ei−Ej

~ .

• The dephasing happening between two subsequent perturbations is phenomeno-

logically introduced in the propagator by an exponential decay e−tΓ: Ĝ(t) =

e−iωt−Γt. The dephasing rate Γ accounts for the contributions to the homoge-

neous broadening that we have seen at the end of section 1.2.4: Γ = 1
T ∗2

+ 1
2τR

.

• Each interaction on the bra brings a (-1) multiplication factor.

2The super-operator Ĝ(t) is defined such that it acts on an operator Â as: Ĝ(t)Â = U0ÂU
†
0
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• The build-up of the macroscopic polarization is completed by the last interaction

at time t ; it corresponds to the final dipole emission at the observation time

and always brings the system in a population state. The emission frequency and

direction are determined by energy and moment conservation rules: ωem =
∑
ωi

and ~kem =
∑~ki.

At the first order expansion, starting from the system in the ground state |a > there

are 2n−1 = 1 process (in resonant conditions) that is linear absorption of the radiation.

The corresponding diagrams are shown in figure 2.4.
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<a|

E = E
0
e-iωabtek.r

ρ
0
 = ρ

aa

μ
ab 

ω
em

 =ω
ab

k
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 = k{ |a> <a|

μ
ab 

G(t) = e-iωabte-Γabt

ti
m

e

Figure 2.4: First order Feynman diagram representing linear absorption.

Similarly we can draw two second order Feynman diagrams that describe two photon

absorption and absorption followed by stimulated emission (SE).

At the third order, in case of a two levels system in resonance with the radiation,

we have 2n−1 = 4 Feynman diagrams, represented in figure 2.5. The response functions

of R2 and R4 are

R2 = (−1)2ρaa|µab|4G(τ1)G(τ2)G(τ3) =

= ρaa|µab|4e+iωabτ1−Γabτ1e−Γbbτ2e−iωabτ3−Γabτ3

= ρaa|µab|4eiωab(τ1−τ3)e−Γab(τ1+τ3)e−Γbbτ2 (2.4.10)

R4 = ρaa|µab|4e−iωab(τ1+τ3)e−Γab(τ1+τ3)e−Γbbτ2 (2.4.11)

From figure 2.6 it is easy to note that, in case of R2, when τ3 = τ1, the phase

acquired during the last time interval exactly compensates the phase during the first

time interval. For this reason the process described by R2 is called Rephasing, while

the one described by R4 is Non Rephasing. Similarly, R1 is non rephasing and R3 is

rephasing.
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Figure 2.5: Third order Feynman diagrams.
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Figure 2.6: Phase acquired by the polarization during the processes described by the
second order Feynman diagrams R2 and R4.

Let’s consider now an ensemble of molecules excited coherently at t = 0. After the

pump pulse has gone, the oscillating dipoles loose coherence due to dephasing, and

their vectorial sum, which determines the intensity of the emitted signal, decreases

in time. This phenomenon is called Free Induction Decay (FID). Observing the

system when all the dipoles are uncorrelated essentially corresponds to integrating the

density matrix in dφ over all possible phases 0 < φ < 2π:

ρ =

∫ 2π

0

dφ
1

2π

(
a2 abeiφe−iωabt

abe−iφe−iωabt b2

)
=

(
a2 0

0 b2

)
(2.4.12)

When complete dephasing has occurred, phase coherence is lost and all the dipoles

oscillate independently. In the case of the third order processes described above, the

emitted signal from R2 and R3 at τ3 = τ1 is emitted in absence of dephasing because

the dipoles have rephased. On the contrary, R1 and R4 are dominated by the FID.
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2.4.2 Three pulses Photon echo

A powerful tool to experimentally select the contribution of specific Feynman diagrams,

and therefore to focus on a reduced number meaningful processes, is provided by an

appropriate choice of the wavevectors of the incoming electromagnetic fields. The three-

pulse photon echo is a third order non-linear spectroscopy; it is generally performed

with a particular geometry of the wavevectors, the Boxcar geometry, shown in the

upper part of figure 2.7: a,b and c indicate the directions of the three field producing

the non-linear effect.

From the composition of the wavevectors for the processes described by diagrams

in figure 2.5, we have that the signal due to R1 and R4 diagrams is emitted in the

−k1 +k2 +k3 direction, while that from R2 and R3 is emitted along k1−k2 +k3. Figure

2.7 (bottom) shows that the momentum and energy conservation rules are not satisfied

for the -k1 + k2 + k3 direction, because the vectors do not have the right lengths. For

this reason, the signal can be measured in the k1 − k2 + k3 direction only. However,

an appropriate time ordering of the light pulses allows measuring both rephasing and

non-rephasing signals. If the first field E1 is in the a direction, E2 is in the b direction

and E3 is in the c direction, we will measure the signal due to non-rephasing processes

sR1 and R4; by reversing the order of the first two fields, the signal due to rephasing

processes R2 and R3 will be detected.

This is indeed the method employed in a photon echo experiment where, by varying

the time delay between E1 and E2 relatively to E3 (probe beam), information about the

excited state dynamics and the natural linewidth of the molecular system is extracted.

The first pulse creates a coherence, the second one brings the system in a population

state, and the third one, giving rise to a new coherence, produces the oscillating third

order polarization responsible for the signal emission. During the time intervals be-

tween the pulses the system evolves freely. The emitted signal is observed in the fourth

direction of the boxcar geometry, where the echo interferes with a forth beam (the local

oscillator or LO), which allows for heterodyne detection.

63



CHAPTER 2. EXPERIMENTAL METHODS

ab

c de

k
1
    k

ak
2
    k

b

k
3
    k

c

k
em

    k
e k

em
    k

d
k

3
    k

c

k
2
    k

bk
1
    k

a

R
1
,R

4R
2
,R

3

Figure 2.7: Boxcar geometry and phase matching conditions for the rephasing (left)
and non rephasing (right) processes.
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The time scan scheme adopted in the boxcar geometry is shown in figure 2.8. We

define τ2, or Population time, as the time interval between E3 and the last of the two

beams 1 and 2. For each value of τ2, two scan (corresponding to rephasing and non

rephrasing processes) are performed by varying the relative time delay τ1 between E1

and E2, allowing for switching the time-ordering of E1 and E2. In other words, each

scan consists in keeping one of the first two beams fixed at the time separation τ2 from

E3) and gradually anticipating the other one (i.e. increasing τ1). As it will be clear

in section 2.4.4, part of the τ1 scan is recorded for negative τ1, which means delaying

the scanned pulse with respect to the fixed one. In this time region and in the limit

τ1 << τ2, the rephasing and non-rephrasing interferograms coincide, and by adjusting

their overlap it is possible to correct some experimental calibration errors.

The LO and E3 fields must be separated in time because the local oscillator, which

by necessity overlap the other three fields inside the sample, could affect the third order

polarization. As we will see in the following section, in our case LO is delayed with

respect to E3 of about 300fs.

All the pulses are broadband in order to obtain high temporal resolution (typically,

20 fs). The detailed description of the experiment is given in the next section.
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Figure 2.8: Scheme of a Three pulses Photon Echo experiment.
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2.4.3 2DES setup
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Figure 2.9: Scheme of 2DES setup.

The main oscillator is a self-mode locking Ti:Sapphire laser (Coherent Micra), which

produces pulses centered at 810 nm, 85 nm bandwidth and 400 mW power at 89

MHz rep. rate. The beam then goes through a regenerative amplifier (Coherent

Legend Elite) that involves in three steps, as I showed in section 2.2.1: stretching,

amplification and compression. The output is a broadband pulse centered at 800 nm,

35 fs duration, 1 KHz rep. rate, 3 mJ of energy per pulse. The polarization of the

beam is rotated from horizontal to vertical and and sent to a Non-Collinear Optical

Parametric Amplifier (NOPA) [128–130]; if necessary, a chopper synchronized at a

fraction of the 1 KHz repetition rate can be inserted to reduce the power that reaches

the NOPA.

The advantage of using a non-collinear parametric amplifier is that, in this geometry,

with BBO amplifying crystal cut at the proper angle (23o from the optical axis), phase

matching can be achieved in a frequency range much broader than in the collinear case

[128]. Thus, very broad-band pulses in the green-red region of the spectrum can be

obtain. In order to produce the desired pulses the pump pulse at 800 nm is first split
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in two arms of very different intensities. One, is very weak; it is tightly focused onto

a Saffire plate to generate white continuum that acts as the seed pulse. The other

one, the pump (much more intense), is frequency doubled to 400 nm in a BBO crystal.

The white continuum pulse is purposely chirped in a thin glass plate and sent to the

parametric crystal, where it overlaps the 400 nm pump pulse. The delay between the

chirped seed pulse and the pump pulse determines the color of the NOPA output.

The overall parametric amplification pro-

cess introduces a substantial chirping in the

amplified output. In order to compensate for

the dispersive optics employed, a couple of

Dispersing Compensating Mirrors (DCMs), or

chirped mirrors, are used (figure on the left).

They consist in multi-dielectric layers, each

one reflecting a different spectral interval, so

that, after an appropriate number of reflec-

tions, the phase dispersion throughout the entire spectrum of the pulse is cancelled.

The negative dispersion introduced by the DCM mirrors can be controlled by ad-

justing the number of reflections between the two mirrors. After passing this device,

typical pulses are 12 fs long, close to the transform limit of the input pulses, 6 fs).

Two beam splitters in a sequence, first generate the reference pulse and then sepa-

rate pump and probe. The pump goes through a delay line that controls the population

time. Both pump beams are aligned on the same vertical plane and then focused by a

spherical mirror onto a Phase Mask (PM), a refractive optics optimized for maximum

intensity on the orders ±1. For each incoming beam, the phase mask generates two

copies (slightly dispersed) that propagate in the horizontal plane. In total we have 4

beams in the boxcar geometry that are first collimated and then focused in the sample

by a couple of spherical mirrors. As already mentioned, the non-linear signal produced

by beams 1− 3 propagates in the same direction of the fourth beam, the Local Oscil-

lator (LO), thus allowing heterodyne detection. In fact, the intensity of the emitted

signal is generally to low to be detected in homodyne mode.

In order to control the relative delay between the

two pumps, each of the beams E1 and E2 crosses

a couple of fused silica wedges in the configuration

shown in the figure on the right. The wedges have

linearly variable thickness from 2 to 1.4 mm.

The timing of each beam is controlled by moving one of two wedges by means of
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a motorized stage (M 112.1DG from PI); the presence of two wedges with parallels

surfaces compensate the deviation of the beam. With this method, very high temporal

resolution is achieved: The minimum translational step of the wedges is 0.1 µm, i.e. 4as

delay. During a 2D scan, the delay step is set to 100as, corresponding to a translation

of 0.25 µm.

The dispersion acquired by the beams crossing the wedges is matched in the other

two beams by means of two couple of fixed wedges. Furthermore, LO is delayed with

respect to E3 of about 300 fs, so that it doesn’t interfere with the non-linear effects

produced by the other three beams. With this scheme, the only spurious signal su-

perimposed to the echo and transient grating signal is the E3 − LO pump-probe. It

can be easily isolated and removed from the proper signal, as we will see in the data

treatment section.

The signal collection is performed by passing the signal through a monochromator

(Horiba Jobin Yvon R CP 140 1602, 16.8 nm/mm average dispersion, optimal spectral

range 285 − 715 nm). The detector consists of two NMOS arrays of 256 pixels, one

for the echo signal interfering with the LO, and one for reference beam. The entire

acquisition system, including electronics for read-out of the arrays, signal amplification,

data digitalization and treatment is homemade.

The collected signal, in analogy with the TAS experiment, is

∆A = log
(Ionprobe
Ionref

Ioffref

Ioffprobe

)
(2.4.13)

where Iprobe is the light intensity arriving on the probe array in presence (on) or

absence (off ) of the pumps. The second pump is periodically blocked by a second

chopper synchronized to the first one.

2.4.4 Data analysis

The collected signal consists in the interference between the signal Es (That can be

rephasing ER or non rephasing ENR) and the LO ELO. The intensity depends on the

frequency ω3 (dispersed by the monochromator) as well as on the time intervals τ1 and

τ2:

I(ω3, τ1, τ2) = |ELO(ω3)eiω3∆τLO + Es(ω3, τ1, τ2)|2 = (2.4.14)

= |ELO(ω3)|2 + |Es(ω3; τ1, τ2)|2 + |ELO(ω3)e−iω3∆τLOEs(ω3; τ1, τ2)|

where ∆τLO is the E3− LO delay.

The desired expression for the 2D spectrum should depend on the population time
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τ2, and on the two frequencies, ω1 and ω3, corresponding to pump and signal, respec-

tively. Two Fourier Transformations (FTs) are required to switch from τ1, τ2, τ3 to

ω1, τ2, ω3. In our set-up the FT on τ3 (yielding the dependence on the ω3 frequency

is performed by the monochromator; for this reason in equation 2.4.14 the intensity

depends on two times τ1, τ2 and on ω3.

The term |ELO(ω3)|2 is the intensity of LO and it is subtracted from eq. 2.4.14 by

recording Ioffprobe. The signal intensity |Es(ω3, τ1, τ2)|2 is very small (being a third order

response) and can be neglected. The remaining intensity is proportional to the real

part of the product E∗LO(ω3)e−iω3∆τLOEs(ω3, τ1, τ2).

It is indeed possible to show that the pure absorptive 2D spectrum is equal to the

real part of the sum of Rephasing (R) and Non Rephasing (NR) spectra [129,131]:

S(ω1, τ2, ω3) = Re
{∫ ∞

0

dτ1

∫ ∞
0

dτ3

[
SR(t1, t2, t3) + SNR(t1, t2, t3)

]
e−iω1τ1e−iω3τ3

}
(2.4.15)

The phase term e−iω3∆τLO also can be subtracted by collecting the interference E3−LO
separately. The procedure consists in making E3 and LO interfere through a pinhole

in a cell filled up with the same solvent used to dissolve the dye for the 2D experiment,

in order not to change the dispersion condition of the beams.

The recorded interferogram is first

cleaned from the noise by means of

a Fourier filter. The phase of the in-

verse FT is then fitted with a linear

function α(ω3) = c · ω3 (see figure

on the right). The recorded signal

is then multiplied by eiα(ω3), so that

the term e−iω3∆τLO is canceled. 420 460 500
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For each value of τ2, a 2D map ω3 − τ1 is recorded (R or NR). However, as already

noticed the third order signal is superimposed to the pump probe between E3 and LO,

with LO delayed by about 300 fs with respect to E3. Filtering out this contribution

is straightforward by using a FT in ω3 that allows separating the pump probe (at

τ3=0) from the relevant signal, which occurs at τ3 6= 0. Static contribution and noise

are filtered out from the FT before going back to the inverse FT (IFT) that produces

complex matrices for R and NR spectra. We can rewrite eq. 2.4.15 as

S(ω1, τ2, ω3) = Re
[
SR(ω1, τ2, ω3)e−iω1∆τ1,R + SNR(ω1, τ2, ω3)e−iω3∆τ1,NR

]
(2.4.16)
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The sign convention is such that for τ1 < 0 the scanned field E1 is delayed with

respect to E2. In this region, as already mentioned, the interferograms R and NR must

overlap because they are represented by the same diagram. If they do not exactly

overlap, a constant calibration factor is used to correct the time step δτ1 of the fine

delay generated by the wedges.

Once the absorptive 2D spectra is calculated, some optimization procedures are

required, based on two assumption:

1. The Projection Slice theorem states that the projection of the absorptive map on

the ω3 axis should coincide with the pump probe spectrum at the same τ2 and in

the same experimental condition [131, 132]. In order to satisfy this theorem, we

need to minimize the χ2 function

χω3 =
∑
ω3

([
SPP (ω3, τ2)−

∫
S(ω1, τ2, ω3)dω1

]2
)

(2.4.17)
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Figure 2.10: Example of pump
probe spectrum overlapped with the
absorptive 2D spectrum projected
on the ω3 axis.

2. The peak position should not be altered by the phase [133,134]. This mathemat-

ically translates in two conditions of minimization of the following χ2 functions,

both for R and NR signals:

χω1 =
∑
ω1

([∫
S(ω1, τ2, ω3)dω3 −

∫
SR(ω1, τ2, ω3)dω3

]2
)

+

+
∑
ω1

([∫
S(ω1, τ2, ω3)dω3 −

∫
SNR(ω1, τ2, ω3)dω3

]2
)

(2.4.18)

The above criteria are used to find the best values of two key parameters. First,

the exact zero of τ1: in fact, the wedges position for which τ1 = 0 can be slightly
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Figure 2.11: Example of condition
2: R1, R2 and Echo maps projected
on ω1 axis.

different from the one estimated in the wedges calibration procedure (described in ref.

[135]). Second, the estimated value of α from the linear fitting procedure described

above can be ambiguous due to possible change in the experimental conditions during

the E3−LO interference measurement. A minimization cycle is performed by varying

both these parameters in order to minimize equations 2.4.17 and 2.4.18.

2.4.5 Interpretation of 2DES spectra

Figure 2.12 shows an example of 2D map obtained after processing the raw data as

described above: panels (a) and (b) of the figure are the absolute values of Rephasing

and Non Rephasing spectra, respectively. The sum of their real parts, that is the

absorptive map, is plotted in part (c) of the figure. The data interpretation in terms

of chemical-physical properties of the sample under investigation starts from here.

The diagonal peaks of the 2DES map correspond to the exciton states of the sys-

tem. At population time τ2 = 0 the diagonal features are elongated on the diagonal,

while are narrow in the anti-diagonal direction, because homogeneous broadening due

to the environment interaction, as well as spectral diffusion, have not occurred yet.

The diagonal linewidth is a measure of the inhomogeneous contribution due to static

disorder, while anti-diagonal linewidth at early times gives information about the nat-

ural linewidth of the transition. As population time increases, dephasing and spectral

diffusion cause homogeneous broadening of the spectra.

The presence of cross-peaks (in the anti-diagonal), spectral features for which exci-

tation and emission occur at different wavelengths, identifies correlations between the

excited states (the delocalized excitons [28, 29]). The time-evolution of the cross-peak

amplitude allows delineating the excitation energy flow through the system and makes

it possible to reveal molecular spatial configurations by probing electronic transitions.

In addition, 2DES may provide evidence of the possible role of quantum trans-

port in the exciton dynamics. The broadband pulses interact with all excitons and

can produce superposition (coherences) of exciton states [56]. Several experimental
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works [136–139] were able to identify periodic oscillations (quantum beatings) of the

cross-peaks amplitude as a function of population time that can be attributed to two

different phenomena: exciton dynamics mediated by vibrational modes of the system,

and coherent coupling between electronic states. The discrimination between these two

processes is still an open problem, because they belong to the same frequency range

(100− 3000 cm−1) [140].

In conclusion, 2DESprovides a direct probe of interactions and dynamics even

in overlapping optical bands (indistinguishable through linear spectroscopy). 2DES

turned out to be a powerful and unique technique to prove experimentally exciton

properties [139–141]) that have been predicted earlier by theory in different organic

compounds [142–151].
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Figure 2.12: Example of absolute values of the rephasing (a) and non-rephasing (b)
maps and of the sum of their real values that represents the 2D absorptive map (c).
The white line indicates the diagonal direction. The dashed white line indicates the
anti-diagonal direction.
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3
ULTRAFAST ELECTRONIC PROCESSES

IN A ZN(II) PHTHALOCYANINE DYE

In this Chapter I will discuss the ultrafast spectroscopy study that we carried out on

a ZnPc molecule: we investigated the excited state dynamics (with sub-picosecond

time resolution) by means of the TAS setup described in section 2.2 that achieves sub-

picosecond time resolution. The dye was studied in ethanol solution first, and then

adsorbed on nanostructured films of titania (TiO2) and zirconia (ZrO2). Different

kinetics were recorded in the three cases, which have been interpreted by considering the

interactions between the dye and the films, which introduce new relaxation pathways.

Furthermore, in case of TiO2 film, we had evidence of electron transfer occurring from

the LUMO of the dye to the titanium oxide CB.

The scientific interest on phtalocyanine-based systems is growing in recent years

because of their application in DSSCs, which nowadays represent a valid alternative to

semiconductor-based devices for energy production and conversion.

A schematic representation of a DSSC working is shown in figure 3.1: sunlight enters

the cell through the transparent electrode and it is absorbed by the dye S, which is thus

excited from the HOMO to the LUMO or higher energy orbitals: S+hν → S∗. The dye

is placed in contact with a mesoporous semiconductor (e.g. TiO2), whose conduction

band has to be close in energy to the excited state of the chromophore, so that electron

injection is favored. This results in the oxidation of the dye: S∗ → S+ + e−(TiO2).

The electrons, driven by concentration gradient, diffuse toward the opposite border

of the semiconductor, where a metal cathode is placed. At this point, the energy is

available to be used in an external electrical circuit, where some losses occur, until

electrons reach the counter electrode (anode). In order to regenerate the ground state

of the electron-depleted dye, an electrolyte (containing iodide-triiodide ions) is present

between anode and cathode to close the circuit:
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CHAPTER 3. ULTRAFAST ELECTRONIC PROCESSES IN A Zn(II)Pc DYE

- the electrolyte is oxidized at the interface with the dye: 2S+ + 3I− → 2S + I−3

- ions I−3 are generated by the above reaction and diffuse toward the counter elec-

trode, where they are reduced: I−3 + 2e− → 3I−

Figure 3.1: Scheme of DSSC working.

In this contest, the research goal is the optimization of the efficiency of DSSCs by

synthesizing and testing new materials to be used as cell components. In particular,

our spectroscopic study is focused on the possibility of employing a new phtalocyanine-

based molecule as the sensitizer dye, of which we tested the electron injection efficiency

in TiO2 film. This particular function of the operating device described above is indeed

not trivial because, in order for the energy to be converted, electron transfer has to be

more efficient than the relaxation of the excited state back to the ground state.

To conclude this brief introduction, I should mention that, theoretically, the effi-

ciency of a DSSC is given by the Open Circuit Voltage (OCV) that is the difference

between the semiconductor CB level and the redox potential of the electrolyte. In

reality, many other factors need to be considered, such as the mismatch between the

absorption band of the dye and the solar spectrum, the extinction coefficient of the

dye, the recombination at the interfaces and the energy losses in the circuit. Up to

now, among the many molecules tested in laboratory, the best performance has been

reached by the dye N719, a ruthenium polypyridyl dye [3, 7, 8], with an overall device

efficiency of 11% [3,4]. However, Ruthenium-based compounds are still expensive and

polluting [9, 10], and their absorption is unsatisfactorily low in the near-IR region of

the spectrum.

74



Both porphyrins and phtalocyanines (see figure 3.2) have been extensively studied

as valid alternative to the Ruthenium complexes, because of their thermal and photo-

chemical stability [11–13], as well as the possibility of tuning their spectroscopic and

electronic properties through simple modification of their chemical structure [152]. The

main advantage to use phtalocyanines is their absorption spectrum, which overlaps the

solar spectrum both in the blue and in the visible/near-IR regions [9]. On the contrary,

porphyrins lack absorption in the near-IR region.

Figure 3.2: Macrocycle of porphyrins (left) and phtalocyanines (right) dyes.
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3.1 Stationary spectroscopic characterization

The ZnPc molecule under investigation, shown in figure 3.3, was synthesized at the

Istituto Struttura della Materia, CNR in Montelibretti (Rome) by Gloria Zanetti and

coworkers. They characterized the compound by steady-state spectroscopic techniques,

time-resolved fluorescence and quantum chemical calculations at the density functional

(DFT) level [10, 153].

The molecule is a zinc(II)-Phtalocyanine with added three tert-butyl groups at the

periphery, in order to prevent aggregation and increase the solubility [9, 11, 12, 154].

Even so, the formation of aggregates is still an open problem; their influence in the

dynamics will be discussed in section 5.

Figure 3.3: Chemical structure of
the ZnPc: The tert-butyl groups
are circled in green, the carboxylic
group in blue and the phenyl-
ethynyl moiety in red.

The anchoring of the molecule to the nanocrystalline films of titania and zirconia is

realized by a carboxylic group, connected to the macrocycle through a phenyl-ethynyl

moiety that, via its triple bonds, increases the conjugation of the system and the di-

rectionality of the excited state, as it was demonstrated by G. Zanotti et al. [10]. I

have reported in figure 3.4 one of the main results of their calculation of the electron

densities of ground and excited states, showing the appearance of a push-pull effect in

the LUMO, which also increases the overlap with the TiO2 CB.

The stationary absorption and emission spectra of the dye in ethanol solution are

presented in figure 3.5. We can identify in the absorption spectrum an UV band,

centered at around 350 nm, associated to the S0 → S2 transition. A second spectral

feature is present in the red region (peaked at 675 nm), attributed to the S0 → S1

transition, with the vibronic progression on the low wavelength side. It is worth of

notice that, due to the broken symmetry with respect to the unmodified ZnPc, the

Q-bands around 675 nm split into two electronic transitions [155–159].
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3.1. STATIONARY SPECTROSCOPIC CHARACTERIZATION

Figure 3.4: Electron density isosurfaces of the HOMO (left) and of the LUMO (right)
of the substituted ZnPc molecule (from ref [10])

Furthermore, a small Stokes shift of about 14 nm has been observed between the

lowest energy absorption band and the fluorescence. It is worth of notice that only the

emission from the lowest state is observed.

Figure 3.5: Stationary absorption (black curve) and emission (red curve) of the ZnPc
in ethanol solution, superimposed to the solar spectrum to evidence the good spectral
overlap.

I studied the splitting of the Q-bands as a function of the solvent used to dissolve

the monomer. Figure 3.6 shows that the band separation depends on the solvent polar-

ity and coordination. This can be understood by considering that the larger electron

density is concentrated around the central zinc atom. When the molecule is dissolved

in a solvent with high coordination number, the electron density can be strongly in-

fluenced. We found indeed that the transition energy is lower in highly coordinating

77
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solvents. Diethyl-ether was found to be the solvent producing the largest Q- splitting.

This result will be used in section 5, where I discuss the 2DES measurements performed

with the aim of disentangling the contribution to the Echo signal of the two Q-states.
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Figure 3.6: Stationary absorption of ZnPc in different solvents, to investigate the effect
on the Q-bands splitting.

3.1.1 H-aggregation

In figure 3.7 the absorption spectra of the dye in chloroform clearly shows the appear-

ance of a band that is blue-shifted with respect to the monomer, consistent with the

formation of H-type aggregates [153, 158, 160–162]. In the first chapter of this thesis

I discussed extensively the mechanisms of spontaneous aggregation: the coupling be-

tween the energy levels of close monomers can cause the splitting of the first excited

state into two new transitions (Davydov splitting), which have different selection rules

depending on the mutual dipole orientation. In the sandwich geometry, only the higher

frequency transition is allowed, and the aggregation is H-type. Another noticeable spec-

tral feature in figure 3.7 is that in presence of aggregates the inhomogeneous broadening

(probably due to distribution of aggregate sizes) makes the Q-bands indistinguishable.

Aggregation was found to occur in different solvents and also when the dye is

adsorbed on the oxide film surface (figures 3.8 and 3.9). The different intensity ratio

of the monomer and the aggregate bands between titania and zirconia substrates, or

among the used solvents, is probably due to a different amount of aggregates. This

can be understood by considering the different particles sizes of titania and zirconia,

of 25 and 60 nm of diameter respectively. This difference in sizes can influence the

arrangement of the dye molecules on the films surface, and thus the aggregation process.

In addition, it has been observed a time-evolution of the absorption spectrum,

characterized by the growth of the aggregate band over a time interval of few days.
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3.1. STATIONARY SPECTROSCOPIC CHARACTERIZATION

Emission and excitation spectra of the dye are reported in figure 3.10. It is notice-

able a about17 nm solvatochromic shift of the monomer emission in absence (EtOH

solution) and in presence (CHCL3 solution) of the aggregates. In the same figure,

the excitation spectrum overlaps the absorption spectrum of the monomer, so that no

fluorescence of the aggregate is visible.
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Figure 3.7: Stationary absorption spectra of the dye in ethanol and in chloroform. The
blue vertical line indicates the growth of a blue-shifted band associated to the presence
of the aggregate in CHCl3.
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Figure 3.8: Stationary absorption of the dye in solvents favoring aggregation, normal-
ized to the monomer band.
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Figure 3.9: Stationary absorption and emission of the dye adsorbed on titania and
zirconia films. From ref. [14] b) Schematic representation of the energy levels mod-
ification on going from the monomer to the H-type aggregate. Dashed lines indicate
forbidden transitions. From ref. [162].
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Figure 3.10: Stationary emission (collected by exciting at ) and excitation (collected
at fixed emission wavelength of ) spectra of the dye in EtOH and CHCl3. Note the
solvatochromic shift of about 17 nm in the emission spectrum.
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3.2. TRANSIENT ABSORPTION MEASUREMENTS

3.2 Transient Absorption measurements

3.2.1 TAS in ethanol solution

The transient spectrum of the dye in ethanol solution, collected after excitation of the

S0 → S2 transition with femtosecond excitation at 400 nm, is presented in figure 3.11.

Several features can be observed:

• The broad positive band centered at around 495 nm is an ESA, from the S1 state

to higher energy levels.

• The negative band in the red region of the spectrum (peaked at about 695 nm),

with a shoulder on the blue side (≈ 665 nm), is a convolution of two signals. Due

to the small stoke shift, the ground-state bleaching (GSB) and the stimulated

emission (SE) overlap. The presence of two peaks identifies the two Q-bands

components.

• The small negative component centered at 610 nm is a bleaching signal corre-

sponding to the vibronic progression of the main transition S0 → S1, as observed

in the stationary spectra.

The Global analysis results (see the inset of figure 3.11b) provides only two Evolu-

tion Associated Decay Spectra (EADS) corresponding to two time components in the

kinetic traces, which differ only for the relative intensities of the two peaks at 665 nm

and 695 nm. This difference is ascribable to the superimposition of the SE component

on the red edge and of an ESA component on the blue one.

• The black spectrum (inset of fig. 3.11b) represents the component with a rising

time of 5.4 ps at 695 nm, ascribable to the growth of the SE signal in the red

side of the spectrum. Such phenomenon is due to:

1) IC S2 → S1,

2) IC between the two Q-bands,

3) vibrational cooling.

This processes bring the system in the Boltzmann equilibrium of the excited

state, before SE occurs.

• The red spectrum (inset of fig. 3.11b) represents the slow component that relaxes

with a constant time τ1 ≈ 3.9ns at 690 nm, associated to the ground state

recovery after excitation. This value is consistent with the radiative relaxation

of S1.
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Figure 3.11: a) TAS 2D map (time/wavelength) of the dye in ethanol solution after
femtosecond excitation at 400 nm (from ref. [14]). b) Transient spectra of the molecule
in ethanol solution: the ESA feature is circled in red, while the two negative bands due
to the overlap between GSB and SE are circled in green and blue. The inset shows the
EADS from the Global analysis.
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3.2. TRANSIENT ABSORPTION MEASUREMENTS

The same results are obtained by fitting the single trace kinetics:

• The curve recorded at 695 nm (corresponding to the maximum of the SE) shows

a sharp drop (within our IRF) and a decay (τ1 ≈ 5.4 ps), follwed by a single

exponential rise (τ3 ≈ 3.9ns). The plot is shown in figure 3.12 a.

The sharp drop indicates that the IC S2 → S1 occurs within 100 fs; the decay is

a convolution of the IC betweeen the two Q-bands and the vibrational cooling;

the rise reflects the lifetime of S1.

• The curve recorded at 670 nm (corresponding to the maximum of the GSB)

shows an instantaneous drop followed by a bi-exponential rise (τ1 ≈ 5 ps and

τ3 ≈ 3.9ns). A further decay, constant on our timescale, indicates the presence

of ISC with the involvement of a triplet state. The plot is shown in figure 3.12 b.

The fast time is attributed to the IC within the two Q-bands of S1, which is the

same process producing the initial decay in the SE trace recorded at 695 nm;

the slow time is the sum of the inverse kinetic constants of all the deactivation

channels from S1 (radiative and non radiative):

τ3 =
1

k[IC]
+

1

k[F ]
+

1

k[ISC]
(3.2.1)

• The curve recorded at 495 nm (corresponding to the maximum of the ESA) shows

a quick rise (below our IRF) followed by a single exponential decay (τ4 ≈ 6.5ns)

and a long-time behavior that is approximately constant on our timescales. The

plot is shown in figure 3.12c.

τ4 reflects the lifetime of the excited state; the large time constant suggests the

involvement of a triplet state as de-excitation channel from S1, in agreement with

previous studies [162–165].

The Jablonsky diagram in figure 3.13 summarizes the previous results in a scheme

of the energetic levels involved in the excited state dynamics of the ZnPc in ethanol,

which fully explains the recorded TAS spectra.

83



CHAPTER 3. ULTRAFAST ELECTRONIC PROCESSES IN A Zn(II)Pc DYE

Figure 3.12: TAS single kinetic trace recorded at 695 nm (a), 670 nm (b) and 495 nm
(c). The insets show an enlargement of the short timescales.
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3.2. TRANSIENT ABSORPTION MEASUREMENTS

Figure 3.13: Jablonski diagram suggested for the explanation of the dynamics observed
by TAS experiments on the dye in ethanol solution. From ref. [14].

3.2.2 TAS on solid substrates

Figure 3.14 and 3.15 show the TAS 2D maps and spectra collected in case of the dye

adsorbed on titania and zirconia films respectively. The experimental conditions are

as in the case of ethanol solution: femtosecond excitation at 400 nm. Both samples

show two main features:

• A negative band which is the convolution of GSB and SE. In agreement with the

observed stationary emission of the solid state samples, the SE occurs at longer

wavelength with respect to the ethanol solution case.

• A positive signal due to ESA (centered at around 550 nm) that appears red-

shifted with respect to the ethanol solution case. This difference has been at-

tributed to the presence of aggregates [162].

The Global Analysis results allowed us to describe the evolution of the spectra

in tems of three components, as summarized in table 3.1. A fast time constant τ1

attributed to the IC between the two Q-bands and the vibrational cooling of S1; an

intermediate time constant τ2 attributed to the non-radiative relaxation of the aggre-

gates [163] and a slow behavior (τ3), very different between the two substrates, arising

from the interaction between the excited dye and the oxide films.
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Figure 3.14: TAS time/wavelength map (a) and Transient spectra (b) of the dye ad-
sorbed on titania films after femtosecond excitation at 400 nm. The inset shows the
EADS from the Global Analysis
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Figure 3.15: TAS time/wavelength map (a) and Transient spectra (b) of the dye ad-
sorbed on zirconia films after femtosecond excitation at 400 nm. The inset shows the
EADS from the Global Analysis.
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The long-time behavior is evident by looking at the plots in figure 3.16, showing the

single wavelength kinetic traces recorder at 645 nm (corresponding to the maximum

peak of the GSB) in the two cases. The recovery of the ground state was found to

be much faster in zirconia than in titania, which can be understood by assuming an

electron injection occurring from the LUMO of the ZnPc molecule to the titanium

oxide CB, followed by a back electron transfer (the circuit not being close, as in case

of a DSSC device).

This latter phenomenon slows down the recovery of the ground state because it

introduces a new pathway of deactivation from the excited state of the dye. The reason

why this process is not observed in zirconia is the large energy difference between the

S1 state of the molecule and the CB of zirconia, which is the significantly smaller in

case of titania. Furthermore, the presence of ZrO2 affects the electronic structure such

that the excited state dynamics is accelerated with respect to the solution case.

The proposed diagram of the energetic levels involved in the excited state kinetics

in case of the dye adsorbed on the nanostructured oxide films and in presence of H-

aggregation is shown in figure 3.17.

Figure 3.16: TAS single kinetic trace recorded at 645 nm (a) in case of the dye adsorbed
on titanium oxide and zirconium oxide films

88
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Ethanol Zirconia Titania
τ1 5.4 ps 4 ps 3.9 ps
τ2 – 114 ps 115 ps
τ3 3.9 ns 2.1 ns > 10 ns

Table 3.1: Summary of the global analysis performed on TAS data in case of the dye
in ethanol and on solid substrates, which gives three kinetic components describing the
ground state recovery.

Figure 3.17: Jablonski diagram of the ZnPc adsorbed on nanostructured films. The 400
nm excitation process excites both the monomer and the aggregates.
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3.3 Summary

In conclusion, pump-probe TAS experiments allowed us to describe the dynamics of the

excited state of the substituted ZnPc molecule. Our results allow to delineate a possible

scheme of the energy levels that take part in the relaxation processes. Furthermore,

by comparing the GSB dynamics of the dye on the two oxide films, we have evidence

of electron transfer between the titania CB and the first electronic excited state of the

ZnPc molecule.

We proved the presence of H-aggregation among the monomers in the case of the

dye adsorbed on the solid films, which affects the dynamics by introducing a new decay

time constant of about 115 ps, associated to the exciton relaxation. At present, the

formation of aggregates is the most important factor reducing the efficiency of electron

transfer in DSSCs, because the aggregates introduce new decay pathways bringing the

electrons in a dark state below the injection energy threshold.

The potential application of phtalocyanines in optoelectronic applications is still a

concrete possibility: by changing the chemical structure of the molecule, its electronic

properties could be be tuned in order to control the aggregate nature and to increase

the efficiency of the electron injection to the semiconductor CB. Previous studies show

that the Zn − O coordination in Phtalocyanine systems can induce the formation of

J-aggregates [162, 166, 167], which are considered model systems to study the exciton

delocalization, because of the characteristic narrow and intense absorption bands. Re-

cently, making self-organising J-aggregates of large aromatic chromophores have also

attracted much interest in literature, because of their intense emission and high QY

[168–170].
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4
EXCITON MIGRATION IN LIGHT-
HARVESTING NANOTUBES

In this chapter I will go through the experimental results obtained from the spec-

troscopic investigation of exciton transport in supramolecular LHNs, obtained from

self-assembled amphiphillic cyanine dyes C8S3. LHNS are quasi one-dimensional J-

aggregates consisting of ordered C8S3 molecules that form distributed transition dipoles

with concentrated oscillator strength in a lower energy highly emissive state [171]. Be-

cause of the strong coupling, large delocalization length and spectral uniformity, they

represent a an excellent candidate material for exploring the relationship between quan-

tum delocalization and energy transport [24–26].

Furthermore, this compound can find a potential application in Luminescent Solar

Concentrators (LSCs): LHNs can indeed be used to enhance the absorption cross

section of different dyes, such as Quantum Dots (QDs), by an efficient energy transfer

occurring between the two species [172–174]. The main advantages of using cyanine

based J-aggregates are:

- The tunability of the electronic properties by changing the chemical structure, in

order to reach a good match between the aggregate/dye absorption spectrum and

the solar spectrum. Figure 4.1 shows the absorption spectra of the C8S3 light

harvesting nanotubes and of a sample of CaSe QDs on top of the solar spectrum.

On the right of the figure, a picture showing Luminescent Solar Concentrators

made of different species of Quantum Dots used for the windows of a building in

Holland. The different colors are obtained by tuning the chemical composition

and dimension of the QDs.

- The possibility to reduce the amount of dye in LSCs, which can be very expensive

and toxic for the human health.
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Figure 4.1: a) Absorption spectra of the LHNs and a sample of CaSe QDs on top of
the solar spectrum. b) Picture of the inside of a building in Holland where windows are
LSCs. From an experimental work of the Eindhoven University.

The experimental measurements reported in this chapter have been performed in

the Bawendi group at MIT. The chapter is organized as follows:

1. Sample description: chemical structure of the molecule and of the assembled

aggregate, from the experimental work of D. Eisele et al. [22–25]; stationary

spectroscopic characterization and cryo-TEM images; stability issues overcome

by a new sample preparation technique that consists in embedding the LHNs in

a sugar matrix.

2. Temperature dependent stationary emission and absorption measurements, which

give information about the nature of the exciton diffusion in the aggregate and

about the energy disorder in the system.

3. Intensity dependent measurements, which give evidence of EEA occurring in the

LHNs; Presentation of Monte Carlo simulations ad analytical model that are used

to describe exciton migration in presence of EEA.

4. More sophisticated analytical model employed to describe exciton diffusion in

quasi one-dimensional system in presence of static and dynamic disorder.

5. Stationary fluorescence measurements as a function of visible light irradiation,

which show induced PB and PD; lifetime data recorded during irradiation, sug-

gesting a Superradiance behavior of the LHNs.
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4.1 Aggregate characterization

The C8S3 molecule under investigation is presented in figure 4.2: it consists in an

hydrophilic and hydrophobic parts, which are responsible for the self-aggregation in

water. As already described in paragraph 2.1.2, the monomer can be dissolved in

methanol and, by adding water in the right concentration, it self-assembles in an he-

lical three-dimensional structure (LHN) with length of hundreds of nanometers. The

monomers are packed together in a double sheet that form the inner wall (IW) and

outer wall (OW) cylinders of the LHN (see figure 4.4).

The internal structure of a single sheet was revealed by Eisele et al. [24]: it is

essentially a slightly tilted Extended Herringbone (EHB) structure, as shown in figure

4.4. The molecular dipole moments are arranged in head-to-tail configuration, so that

a red-shift from the monomer to the LHN is observed in the absorption spectrum, due

to the formation of J-aggregate (stationary spectra in figure 4.5).
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Figure 4.2: Chemical structure of C8S3 monomer, that self-assemble in the molecular
superstructure on the right, called LHNs.

Figure 4.3 shows a cryo-tem image of a sample, from which the radii of IW and

OW, of about 6nm and 13 nm respectively, were estimated [24].

Figure 4.3: Cryo-tem image of a single LHN, from ref [24].
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Inner Wall

Outer wall

herringbone structure

Figure 4.4: Three-dimensional representation of the LHN, showing the internal orga-
nization in two cylinders (from ref [24]). On the bottom a schematic representation of
the herringbone structure.

Using complementary absorption and linear dichroism spectroscopy of selectively

reduced inner-wall only LHNs, Eisele et al. [23] revealed the transitions associated to

the spectral features. In each wall, the monomers orient themselves with 2 molecules in

the unit cell, leading to four electronic transitions, two parallel and two perpendicular

to the primary longitudinal axis of the linear aggregate (similarly to the exciton band

structure presented in 1.1 for helical aggregates). The lowest energy transition (at

17000 cm−1) corresponds to the transition of the inner wall parallel to the helix axis,

from which the system mostly emits. The most intense peak in the absorption spectrum

is associated to the parallel transition dipole of the OW that is at slightly higher energy

than the IW transition because of the different cylinder radius. Some emission is also

observed from the latter state at 16690 cm−1. The tail on the high-energy side of the

spectrum is attributed to perpendicular transitions.

The large red-shift, around 2500 cm−1, between the monomer and the aggregate

absorption bands, is indicative of strong coupling and suggests an ordered system with

high exciton delocalization. For comparison, A FRET pair has a coupling of a few

cm−1, while photosynthetic systems have couplings of tens of cm−1.

Furthermore, the very small Stokes shift (few cm−1) of the aggregate, in contrast to

the 750 cm−1 Stoke shift of the monomer, suggests a small coupling with the bath. In

addition, the bands are very narrow, consistently with the motional narrowing effect

discussed in 1.3.2, which confirms the presence of a high degree of delocalization in the

system.
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Figure 4.5: Normalized absorption and emission spectra of C8S3 monomers in methanol
and LHNs in the sugar matrix, and double Voigt fit of the aggregate emission spectra.

Because of the large overlap between the fluorescence and absorption spectra of the

aggregates, the shape of the fluorescence spectrum is strongly influenced by reabsorp-

tion. Therefore, all the fluorescence spectra shown in this chapter were corrected as

described in ref. [175].

4.1.1 Sugar matrix stabilization

One of the experimental problems that prevent the full characterization of the system

is its instability in the methanol/water mixture, as discussed in previous studies [23].

Not only light and oxygen cause the complete photobleaching of the sample in a few

hours (blue curve in figure 4.7b), but also the aggregation process can bring to bundle

formation in a few days. Figure 4.6a shows a cryo-TEM image of the sample, where

bundles of LHNs are clearly visible in the inset. Bundles are essentially ensembles of

closely packed single-wall nanotubes (figure 4.6d), surrounded by a broadened OW.

The spectral features of the sample in presence of bundling show indeed a broadening

of the OW absorption band (figure 4.6c).

In order to avoid the photobleaching of the sample, J. Caram et al. [27] developed

a new sample preparation technique (figure 4.7a) that consists in embedding the aggre-

gate solution in a sugar matrix preparation (see paragraph 2.1.2). With this procedure

we obtain very stable samples over many days, as shown by the stability analysis results

in figure 4.7b.

The three steps involved in the sample preparation, already discussed in 2.1.2, are

presented in figure 4.7a. The final sugar matrix stabilized LHN sample was found to

have an high optical quality.
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CHAPTER 4. EXCITON MIGRATION IN LHNs

Figure 4.6: a) cryo-TEM image of a bundled sample with bundles in the inset (b). c)
Stationary absorption spectra of the monomer in methanol (black curve), of the LHN
(red curve) and of a bundled sample (blue curve) d) three-dimensional representation
of a bundle of LHNs. From ref [23]

Self assembled

Double-Walled

Nanotubes

Sugar

matrix

a

Figure 4.7: a) Three steps involving sample preparation: monomer in methanol, ag-
gregate formation in water and sugar matrix embedding. b) Normalized intensity of
absorption over several days, showing rapid degradation of LHNs in solution under
room light, while the matrix-stabilized LHNs retain spectral integrity (from ref [27]).
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4.2 Temperature dependent linewidth

We investigated the stationary spectral properties of the J-aggregate sample in sugar

matrix as a function of temperature, from room temperature to 5K. The experimental

results are shown in figure 4.8. We observed narrowing of both emission and absorp-

tion spectral features as temperature decreases, suggesting a stable and ordered system

structure, thus dominated by homogeneous broadening. This can be understood by

considering that as temperature decreases, the time correlation of the fluctuation in-

creases, leading to motional narrowing. On the contrary, the static disorder brings to

a inhomogeneous broadening that is temperature-independent. The fact that, even at

low temperature, the motional narrowing is still observable, means that the inhomoge-

neous broadening is much smaller, and so is the defect concentration. This hypothesis

is confirmed by the QY and lifetime increasing as temperature is decreased (figure 4.9),

likely due to lower homogeneous disorder. Furthermore, the constant Stoke shift con-

stant as a function of temperature means that no high frequency modes are involved

in the exciton dynamics, because a decrease in temperature would have cooled them

down, with repercussion in the Stoke shift.

Figure 4.8: Absorption (a) and emission (b) spectra of IW and OW from 5 to 298K
(excitation at 520 nm). c) FWHM of IW and OW emission and absorption linewidths
obtained from a double-Voigt fit on the full spectrum. Different colors reflect different
initial aggregate preparations. d) Negligible IW Stokes shift between for all temperatures
and preparations (different colors). Figures from ref. [27]
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Figure 4.9: Lifetime and quantum yield increase slightly as temperature decreases, likely
due to to lower dynamic disorder. From ref. [27]

Concerning emission, being the excitation wavelength 520 nm, most part of the

radiation is absorbed by the outer wall, while emission comes from the inner wall (see

emission spectra in figure 4.5), suggesting an ET occurring between the two walls. In

order to understand the nature of the ET mechanism, we fit the intensity ratio between

the inner and outer wall to a Boltzmann distribution:

IWarea

OWarea
∝ IWpopulation

OWpopulation
= b1 + b2e

− ∆E
KBT (4.2.1)

where KB is the Boltzmann constant and ∆E is obtained experimentally by averaging

the energy difference between outer and inner wall emission at different temperatures.

The good agreement between the fit results and the data (see figure 4.10) means that

the thermal equilibrium between inner and outer wall is prior to the energy transfer,

which is consistent with a Forster-like transfer between the weakly coupled walls.

In the end of section 1.2.4 I have introduced homogeneous and inhomogeneous

broadening of the linewidth, caused by environment fluctuations (dynamic disorder)

and distribution of resonant frequencies of different molecules (static disorder), respec-

tively. These two kinds of energetic disorder determine the form of the transition dipole

moment as reported in eq. 1.2.27. The FT of eq. 1.2.27 gives the absorption/emission

lineshapes as convolution of a Gaussian and Lorentzian function.

In agreement with the above considerations, we fit the time-dependent IW emission

and absorption curve with a Voigt model:

Y =

a0

∫∞
−∞

exp (−t2)

a2
3+(

x−a1
a2
−t)2

dt∫∞
−∞

exp (−t2)

a2
3+t2

dt
(4.2.2)
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Figure 4.10: Inner and outer wall peak ratios follow a Boltzmann distribution, sug-
gesting an equilibrium population of inner and outer wall excitons, and weak coupling
between the walls. Each color represents a different measurement. From ref. [27]

which represents a convolution of Gaussian and Lorentian functions. The parameters

of the fit are: a0 = height, a1 = center, a2 proportional to the Gaussian width and a3

proportional to the ration between Lorentzian and Gaussian widths. The FWHM is

estimated using the modified Whiting approximation:

FWHM = 0.5346ωL +
√

0.2169ω2
L + ω2

G (4.2.3)

where ωG = 2
√

ln (2)|a2| is the Gaussian width and ωL = 2|a2|a3 is the Lorentzian

width. Since only the homogeneous broadening varies with temperature, while the

inhomogeneous one it is considered to be constant from our previous results, we kept

fixed the Gaussian parameters and we varied only the Lorentzian ones.

The extrapolation of the linewidth at zero temperature, which is dominated by the

inhomogeneous contribution only, allowed us to estimate the amount of static disorder

in the sample, which is about 115 cm−1. The Lorentzian homogeneous FWHM was

found to be about 118cm−1 at 298 K (room temperature). The Voigt fits and the

FWHM are shown in figure 4.11.

To determine the temperature dependence of the disorder, we fit the observed

FWHM as a function of temperature to ∆ωL(T ) = aHT
n (fits in figure 4.11c), with

n = 2 ± 0.5. The excellent agreement of the Lorentzian linewidth to a temperature

power law strongly suggests that pure dephasing is primarily responsible for the ho-

mogeneous linewidth, rather than relaxation due to specific phonon modes [176].
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Figure 4.11: a) Representative temperature dependent absorption and emission profiles
fit to Voigt functions. b) FWHM of IW absorption and emission feature from 5 to
300K. Fit to temperature-dependent Lorentzian linewidth. From ref. [27]
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4.3 Exciton annihilation

EEA, already described in 1.3.4, is a non-linear effect arising from exciton-exciton in-

teractions. In the following I will discuss the experimental results obtained by studying

the response of the LHNs as a function of excitation power, which gave evidence of

EEA occurring in the system.

4.3.1 Monte Carlo simulations

When a molecular aggregate is excited, an initial exciton population is created, which

can diffuse throughout the system and, at the same time, radiative decaying. If the

excitons are sufficiently dense enough delocalized, they can non-radiatively decay by

annihilation, leading to a decrease in overall QY. These processes are accounted for in

a Monte Carlo simulation, whose results are shown in figure 4.12 [27]. In part (a) of

the figure, the different excitons decay channels are presented. In figure 4.12b, starting

from an initial random distribution, the excitons perform a random walk, until they

annihilate or decay. We assume the excitons move in a two-dimensional space from

lattice site to lattice site with hopping rate 2D, where D is the diffusion constant,

and that hopping has equal probability in both direction. For low exciton density, the

population of excitons, proportional to the PL intensity, decays mono-exponentially

in time (plot in figure 4.12c), meaning that lifetime is linear in the PL intensity. At

high excitation power, the total decay rate increases due to the presence of a further

deactivation channel, that is EEA. The QY, calculated from the integrated area under

the population curve as a function of time steps (figure 4.12d), decreases due to exciton

annihilation until saturation.
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Figure 4.12: a) Ultrafast laser pulse generation of excitons along a linear chain. These
excitons can diffuse or annihilate, as seen in exciton trajectories shown in (b) from
Monte Carlo simulations. c) The population of excitons at each time step (PL). d)
Relative number of decayed excitons (relative QY) as a function of initial exciton den-
sity. From ref [27].
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4.3.2 Experimental EEA data

Our experimental results are presented in figure 4.13, showing the fluorescence intensity

as a function of the excitation power (essentially, a QY measure). Under CW excitation,

even at high power we didn not observe signs of exciton annihilation (relative QY is

linear in intensity). However, when the sample is excited by a pulsed laser source, QY

a saturation behavior is visible. This result is consistent with EEA occurring when a

high density of exciton is created within the short duration of the laser pulse, whose

energy peak is much larger than the average energy of the CW excitation.
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Figure 4.13: Integrated fluorescence
intensity for both CW and ultrafast
excitation.

From EEA measurements it is possible to estimate the number of excitations per

aggregate unit for each incident ultrafast laser pulse, η. We assumed a uniform intensity

over the beam waist (measured radius Rb). The initial exciton density per unit distance

(of a single aggregate) is the number of excitation events per pulse divided by the

number of molecules in the focal volume and by the effective longitudinal distance

between two sites a0:

η =
(χλexc(1− 10−ODexc)

hc

)(ODmaxπR
2
b

εmax

)−1

a−1
0 (4.3.1)

where ODexc/max is the optical density at the excitation / absorption maximum, λexc is

the excitation wavelength and εmax is the molar absorptivity. Concerning the excitation

power values on the x-axis of figure 4.13, the corresponding exciton densities vary from

0.39 µm−1 at 5mW to 1.18 µm−1 at 15mW . This result confirm the high degree of order

in the J-aggregate system under investigation. In fact, it is very unusual to observe

EEA at low excitation power, because molecular aggregate are generally disordered

and the excitons get trapped before interacting with each other.
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4.3.3 Photoluminescence data and model

It is possible to describe EEA in complex systems by analytical models solvable with

some assumption, as mentioned in section 1.3.4. In case of the LHNs, being the main

coupling along the tube, the approximation of one-dimensional transport is well ac-

ceptable. Thus, the time evolution of the exciton population after the laser pulse is

described by equation 1.3.8, reported below for convenience:

d(p(t))

dt
= −p(t)

τ
−
√

2D

πt
p(t)2 , p(0) = η (4.3.2)

where:

• The first term on the right is linear and depends only on the radiative lifetime

of the exciton τ . If we neglect the second term, the equation reduces to a classic

random-walk.

• The second term on the right is quadratic in intensity and represents the an-

nihilation process; its prefactor strongly depends on the dimensionality of the

system and it is found to be proportional to the inverse square of the time in

case of one-dimensional transport. The diffusion constant D can be related to

the standard deviation of the distance as
√
< x2 > =

√
2Dt.

• η is the initial exciton distribution.

The solution of equation 4.3.2 is

p(t) =
2η
√

1/τe−t/τ

2
√

1/τ +
√

2DηErf [
√
t/τ ]

(4.3.3)

where Erf(x) =
∫ x
−∞ e

−x2
. The relative QY is the time-integrated population divided

by the integrated population decay in absence of EEA:

QY (p) =

∫∞
0
p(t)dt∫∞

0
ηe−t/τdt

=
1

ητ

∫ ∞
0

p(t)dt (4.3.4)

The function p(t) above and the relative QY are shown in figure 4.14a and 4.14b

respectively. As expected, they show the same trend that in case of the Monte Carlo

simulations of the previous paragraph.

We recorded the lifetime of a sugar matrix LHNs sample as a function of the ex-

citation power (figure 4.14c) and we fit the exciton population as a function of time

with the function p(t) in eq. 4.3.3. The good agreement of experimental data and

fitting function confirms the validity of the used model and the presence of EEA at low
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excitation fluxes. Figure 4.14d shows the relative QY obtained from the experimental

data.

Furthermore, from the fit we estimate an exciton diffusion coefficient of 55 ± 20

cm2/s and an exciton diffusion lengths along the longitudinal dimension of the aggre-

gate of 1.6±1 µm at room temperature. Such a macroscopic exciton propagation (> 1

µm) is a rare phenomenon in molecular systems.

Figure 4.14: a) solution of eq. 4.3.3 the diffusive EEA model. b) Relative QY obtained
by integration of the curve in (a). c) Experimental PL lifetimes at low (blue) and high
(green) excitation flux. In red the IRF. The inset displays early time behavior. d)
Experimental QY obtained by integrating the plots in (a). The inset displays early time
behavior. Figures from ref. [27].
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4.4 Exciton diffusion and energetic disorder

4.4.1 Ballistic model

In order to relate the exciton migration with the energetic disorder, we proposed a

statistical model, based on previous work of S. Lloyd et al. [177]. The main assumption

of this theory is that, in case of a system with low static disorder, the exciton migration

can be described as a free particle moving within an ordered lattice (with periodic

boundary conditions). The unit cell is equal to the average distance between two

traps `. A schematic representation, taken from the crystal band theory, is shown

in figure 4.15: the exciton states are sinusoidal wavefunction with electron density

probability maxima corresponding to trap positions. From the energy band theory, in

one dimension the exciton speed is

v = 2Jcos(
2πx

`
) (4.4.1)

where J is the electronic coupling and x the propagation direction. The maximum

speed 2J is the speed of a free particle in absence of boundary conditions.

Figure 4.15: Representation of the current exciton model: the sinusoids are the eigen-
functions of the Hamiltonian describing the free particle in a box with periodic boundary
conditions. The box length is the average distance ` between exciton traps. From ref.
[178]

In absence of disorder the homogeneous and inhomogeneous linewidths are zero,

∆ωH = ∆ωI = 0, and the free exciton speed is constant and equal to 2J . In presence

of static disorder only, ∆ωI 6= 0, the particle speed is approximated to its maximum

value 2J until Anderson localization occurs at distance ` = vt` = 2Jt`, where we have

introduced the delocalization time t`. Actually, the previous assumption overestimates

the particle speed; I will come back to this point later.

To estimate the length scale of the exciton, the spread of the phase accumulated
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by the exciton at time t is given by the average phase acquired in one unit length,

corresponding to the average distance between two traps, ∆ωI

2J
, times the square root

of the total distance traveled, 2Jt (see derivation in appendix C):

∆Φ(t) =
∆ωI
2J

√
2Jt (4.4.2)

The delocalization time t` is the time interval needed to accumulate a ∆Φ equal

to π. By substituting t = t` and ∆Φ = φ in eq. 4.4.2 it is possible to estimate the

delocalization time:

t` =
2π2J

∆ω2
I

(4.4.3)

Let’s now include dynamic disorder, i.e. ∆ωH 6= 0. A new relevant time constant,

the hopping time tH , is involved in the exciton dynamics. tH is the inverse of the

average exciton-bath interaction rate, and its value is

tH =
1

∆ωH
(4.4.4)

The figure on the right shows how static
and dynamic disorder are associated to the
single level fluctuations and to the ensem-
ble fluctuations respectively.

Two regimes of exciton migration can be identified:

1. When the delocalization time t` is shorter than the hopping time tH , t` < tH ,

the exciton gets fully delocalized (to a spatial extent established by the static

disorder, or Anderson localization) before interacting with the environment. This

delocalization limited regime coincide with the FRET limit, because energy moves

through incoherent hopping mechanism from dipole to dipole.

2. When the delocalization time t` is larger than the hopping time tH , t` > tH ,

delocalization and dephasing occurs at the same time. This regime is environment

limited and can be described by a Redfield model.

The main advantage of this model is that both regimes can be described by a random

walk process, whose distance spread or step size is equal to the distance traveled in
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the time interval t` or tH (depending on the regime), times the square root of the total

number of steps:
√
< x >2 = S

√
t

tH
(4.4.5)

where S = 2Jt` in the delocalization limited regime and S = 2JtH in the environment

limited regime. As already mentioned, the step size is related to the diffusion constant

as
√
< x >2 =

√
2Dτ .

Figure 4.16 presents a 2D map of the diffusion length as a function of the delocal-

ization time t` and of the hopping time tH . The inverse of t` is a measure of the static

disorder and the inverse of tH is a measure of the dynamic one. For a given t` < tH , the

diffusion length increases as dynamic disorder (temperature) increases, which means

that the environment fluctuations are favoring energy transfer. This situation cor-

responds to the FRET limit of incoherent hopping mechanism. On the contrary, if

t` > tH , the diffusion length decreases as temperature increases, suggesting that, under

these circumstances, coherence can play an important role in driving exciton migration.

Figure 4.16: 2D map of the diffusion length as a function of t` and tH . The two regimes
can be identified and the crossing point between the two occurs when t` = tH .

It is noticeable that there is a crossover temperature where t` and tH coincide, which

corresponds to the maximum efficiency of ET. This behavior was already discussed in

section 1.3.2, where I referred to an experimental work carried out on THIATS samples

[80], where the authors proved the presence of the two regimes at different temperatures.

The turning point where t` = tH in figure 4.16 corresponds, in the real situation plotted

in figure 1.21, to a temperature range where the transfer is independent of temperature.
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4.4.2 Frenkel Hamiltonian

In order to estimate the total exciton coupling J , we calculate the exciton wavefunctions

and energies by diagonalizing a Frenkel Hamiltonian of the form in eq. 1.3.2, using the

procedure described in section 1.3.2. Following Didraga et al. [34], we create a site

Hamiltonian with 6000 diagonal site energies centered at 18868 cm−1 (corresponding to

the C8S3 monomer absorption wavelength at 530 nm) with a Gaussian distribution of

600 cm−1 width (diagonal disorder). Such model describes the exciton band structure

of the nanotube IW with longitudinal dimension of about 140 nm.

In a LHN, the monomers dipole are so close that the limit of point dipoles fails.

The interaction potentials (off-diagonal elements of the Hamiltonian) are determined

using the extended dipole approximation as described in ref [108], which consist in

considering each monomer an extended dipole µ with point charges of q+/− ± 0.34e

(being e the electron charge) and dipole length of 0.7 nm as in previous work [108].

These parameters are calculated from the monomer transition dipole µ, obtained from

the monomer absorption spectrum through the following relation

Df = µ2 = 9.180 · 10−3n(

∫
ε(ω)

ω
dω) (4.4.6)

where n is the refractive index and the stationary absorption intensity (optical ab-

sorbance O.D.) is related to the extinction coefficient ε(ω):

O.D.(ω) = log(I0/I) = Cε(ω)l (4.4.7)

The general dipole-dipole coupling, described by eq. 1.1.3, assumes the expression:

Vnm =
1

4πε0

(q+q−
R++

+
q−q−
R−−

+
q+q−
R+−

+
q−q+

R−+

)
(4.4.8)

where R is the charge separation, that has to be determined from the geometry. We

used the Roller Brick Model (RBM) [108], presented in figure 4.17 to simulate the

geometry of the aggregate. The three-dimensional geometry (right of figure 4.17) was

constructed by rotating the plane structure along the vector C, obtaining the an helix

consisting of several rings, where the monomers are represented as bricks. The exciton

band structure arising from this geometry was already discussed in 1.1.3, and the helix

is shown in figure 1.6. The geometry parameters, such as monomers separation, brick

sizes, rings distance and relative orientation, and angle between the rings plane and the

helix axis, were also taken from ref [108]. The matrix elements Vnm are then calculated

as a function of monomers distance.
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Figure 4.17: 2D Brick-layer lattice: each unit cell (a x d) contains one dye molecule,
with extended dipole µ (length l and charge Q). A cylindrical aggregate (right) is
obtained by rolling along C. z indicates the longitudinal direction. From ref. [108,109]

The plot of the wavefunction coefficients of each site for a typical exciton (of the

primary IW transition) is shown in figure 4.18. Those coefficients (elements of the

matrix Q in eq. 1.3.1) express the probability of the exciton to be localized on a

particular site. The arrow in the figure indicates the fastest coherent propagation,

identified by the sites with the largest coefficients. The exciton delocalizes helically

along the z axis over several consecutive rings, with a pitch of 49.1o relative to the

z axis. This result justifies the use of a one-dimensional statistical exciton model to

describe the exciton propagation along the nanotube, and allowed us to determine the

lateral displacement per unit step of exciton propagation, that is 1.03 nm.

Figure 4.18: The eigenvalues of an exciton from the main parallel transition. The
exciton propagates along the direction of highest coupling (black arrow).
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4.4.3 Monte Carlo simulation

From the temperature-dependent experimental results shown in 4.2 we could estimate

the static disorder ∆ωI and the dynamic disorder (at room temperature) ∆ωH = ωL/2,

where ωL is the Lorentzian linewidth obtained from the IW Voigt fit described in 4.2.

∆ωI and ∆ωH were found to be 115cm−1 and 58cm−1, respectively. From eq. 4.4.3

and 4.4.4we estimate the hopping time tH ≈ 900 fs and the delocalization time t` ≈ 30

ps, i. e tH << t`. Accordingly to the model presented in 4.4.1, tl >> tH suggests that

LHNs belongs to the environment limited regime, where the dynamic localization, due

to environment fluctuation dominates over the Anderson localization.

Using the model described above, combined with the experimental estimate of the

time constants t` and tH , we performed a Monte Carlo simulation that describes the

exciton migration through a random walk in the environment limited regime where,

being S = 2JtH , the step size from eq. 4.4.5 is

√
< x >2 = 2JtH

√
t

tH
= 2J

√
ttH (4.4.9)

We assume transport proceeds along the helical turn in the direction of the strongest

J-coupling, as determined in the previous paragraph. We estimated a total coupling

J = 688cm−1 from the diagonalization of the Hamiltonian used in the previous model.

We started from an initial exciton Gaussian distribution of width ωH . We fit the

histogram of the final positions of the excitons with a Gaussian function (see figure

4.19a), which gives the spread
√
< x >2. Finally, a linear fit the spread value as a

function of time (figure 4.19b) gives a diffusion constant of 32cm2/s, in agreement

with the experimental result of 55± 20cm2/s.

Figure 4.19: a) The exciton spread of each trajectory is used to extract diffusion spread,
which in turn is fit to a line (b) to determine the diffusion constant. From ref. [27]
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4.5 Exploring energetic disorder

In this section I will discuss how the topological arrangement of these monomer units

- the mix between J and H character - control aggregate photophysics in order to

enhance energy transfer. J and H coupling induce exciton delocalization which can

in turn set the radiative rate, density of states, and the response of the aggregate to

energetic disordering. In this study we combine theory and experiment to probe how

modulating disorder controls the properties of LHNs.

We observed that intense resonant illumination sequentially photobrightens and

photodarkens the aggregate fluorescence. Using linear and time-resolved fluorescent

spectroscopy and two-dimensional electronic spectroscopy we demonstrate that the

observed behavior is modulated by energetic disorder and coupling. This effect is

responsible for the observed QY enhancement and for changes in peak energy and in

absorption/emission lineshape.

Our results propose a consistent picture of emission from exciton states, mediated

by Super-radiance, where resonant illumination alters long-range exciton delocalization.

4.5.1 Experimental data

Photobrightening and Photodarkening

In figure 4.20 I plot the integrated fluorescence over minutes, during sample illumina-

tion and at different excitation powers. We observe a power-dependent initial increase

of fluorescent quantum yield (photobrightening or PB), followed by a decrease (photo-

darkening or PD) on longer timescales. The black curves in the plot are the results of

fitting the experimental fluorescence intensity with a function consisting of the sum of

an exponential rise (describing PB) and an exponential decay, corresponding to PD:

a0(1− e−t/τ1) + a1e
−t/τ2 , t ≥ 0 (4.5.1)

The rates 1/τ1 and 1/τ2 are plotted in figure 4.21a. Within the analyzed range of

excitation power, the PB rate scales linearly with the illumination power per unit area,

while the PD appears to saturate at high power. In figure 4.21b, three sample fluo-

rescent spectra for different irradiation times (at 532 nm, 22.3 W/cm2) are presented.

The first two spectra are recorded during initial PB (after 3 and 60 s), the third (800

s) corresponds to PD regime. During PB regime we observe spectral narrowing that is

reversed (broadened) during PD.

We fit the emission spectrum using two Pseudo-Voigt functions centered at 16691
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and 16960 cm−1, which correspond to the IW and OW contributions respectively:

a0

[
(1− a)exp

(
− ln(2)

(E − E1

σ1

)2)
+

a

1 + (E−E1

σ1
)2

]
+

+a0

[
(1− b)exp

(
− ln(2)

(E − Eb
σ2

)2)
+

b

1 + (E−E2

σ2
)2

]
(4.5.2)

The two terms in the expression two weighted Voigt functions: a0 (b0) is the band

height, E1 (E2) is the peak position, σ1 (σ2) is the FWHM of the Gaussian and of the

Lorentzian functions, a (b) is the weight of the Lorentzian and, correspondently, 1− a
(1− b) is the weight of the Gaussian; E is the running variable representing the energy

on the x-axis.

Figure 4.21c reports the peak position (a1) and FWHM of IW as a function of

illumination time are plotted. The FWHM is calculated with the modified Whiting

approximation [179], described in eq. 4.2.3, which gives a final value of FWHM =

1.6371a2. These two parameters show narrowing and rapid blue-shift of the inner wall

emission during PB, followed by broadening and blue-shift during PD.
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Figure 4.20: Integrated fluorescence intensity of the LHNs in sugar matrix as a function
of the irradiation time (excitation at 532 nm). Inset shows the intensity as a function
of number of excitations.
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Figure 4.21: a) PB and PD rate (equation 4.5.1) as a function of illumination power per
unit area. b) Three fluorescence spectra collected after 3, 50 and 800 s of 22.4 W/cm2

irradiation. The black arrow highlights the broadening of the band in correspondence
of the PD (long irradiation time); the zoom of the main peak in the inset shows the
blue-shift of the band during irradiation. c) FWHM (blue) of the inner wall emission
band (result of the double-Voigt fit on the entire spectra using equation 4.5.2 and Inner
wall peak energy (blue) as a function of irradiation time. The band narrows during PB
and broadens during PD (long-time behavior), while continuous blue-shift is observd
upon irradiation.
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Lifetime

By means of a Streak camera we measured the excited state lifetime of the aggregate

sample in equilibrium condition and under irradiation (inducing PB and PD). The time

evolution of the fluorescence emission at equilibrium is shown in figure 4.22.
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Figure 4.22: Streak camera lifetime data of the monomer and the aggregate.

We fit the monomer lifetime to a bi-exponential function, obtaining a lifetime of 240

ps. The aggregate lifetime fits to a single exponential (a0exp(−ktott)) with a lifetime

of 90 ps. From the QY and the total decay rate ktot, it is straightforward to separate

the contributions of radiative and non radiative components kr and knr:

ktot = kr + knr (4.5.3)

QY =
kr
ktot

(4.5.4)

We measured QY of the C8S3 monomer and matrix stabilized aggregates of 0.015

and 0.15 respectively. From the lifetime data, using eq. 4.5.3, kr and knr are (6.25 ±
0.01)107s−1 and (410.42 ± 0.01)107s−1 for the monomer and (1.69 ± 0.02)109s−1 and

(9.41± 0.01)109s−1 for the aggregate, respectively.

In J-type molecular aggregates, dipole-dipole coupling between monomers along the

nanotube lead to an distributed transition dipole which in turn leads to an increase in

the radiative rate and a concomitant increase of QY (excitonic super-radiance) [183]. As

explained in 1.3.3, Super-radiance is the result of the coherent interaction of molecules

with the electromagnetic field, which gives rise to cooperative emission [87–90]. The

effective number of J-coupled monomers participating to the coherent delocalization of

the exciton can be estimated from the following equation [96], valid in case of a linear
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chain of molecules:

N =
kr(AGG)

kr(MON)

( λj
λMON

)3
(4.5.5)

where λj and λMON are the wavelength of absorption maxima of exciton and monomer

transition, equal to 600 nm and 520 nm, respectively. From the radiative rates obtained

by coupled lifetime/QY measurements, kr(AGG) = 1.69x109 s−1 and kr(MON) = 6.25x107

s−1, we estimate that the enhanced transition dipole consists of 40 monomers in matrix-

stabilized LHNs.

Figure 4.23 shows the PL rate collected during PB and PD, that were induced by

irradiation with 22 W/cm2 at 532 nm. The fluorescent lifetime data were periodically

collected using a 0.2 W/cm2 excitation at 400 nm and a streak camera, in order not

to perturb the conditions established by the high power excitation. The inset of figure

4.23 shows a decay trace recorded after 60 s of irradiation, together with a single

exponential fit: a0exp(−ktott). We observed an increase of the total rate ktot during

PB, followed by a decrease during PD.
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Figure 4.23: Fluorescence decay rate (resulting from a single exponential fit of data
collected with the Streak camera) as a function of irradiation time. The decay rate
increases duringPB and decreases during PD, suggesting exciton emission mediated by
Super-radiance. The inset shows a decay curve and the single exponential fit at the
chosen irradiation time of 60 s.

PB and PD processes were reproduced using different excitation sources including

CW and ultrafast excitation. Figure 4.24 the integrated fluorescence during sample

illumination and at different excitation powers in case of CW source at 532 nm.

Furthermore, we observe a partial recovery of the PD: following induced PD, we

kept the sample in the dark several hours and recorded again the PL under laser

illumination on the same spot. The reversibility of the process is evident in figure 4.25.
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Figure 4.24: Fluorescence integrated area as a function of irradiation time in case of
CW excitation at 532 nm. The inset shows the same curves, where the horizontal axis
is scaled by the number of excitation within the focal volume.
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2D electronic spectroscopy

In order to decouple the homogeneous and inhomogeneous contribution to the linewidth

during PB and PD, Colby P. Steiner of the Nelson group at MIT performed 2DES

measurements of the sample during irradiation. The 2DES maps recorded for different

irradiation times are shown in figure 4.27. The spectra of the four broadband laser

beams used in the experiments are plotted in figure 4.26, on top of the absorption

spectrum of the sample (black curve).

In a 2D spectrum, diagonally elongated peaks represent strong correlation between

initial excitation and SE/GSB (inhomogeneous line-broadening), while anti-diagonal

lineshape records fluctuations of the ground-excited state energy gap. We collected 2D

spectra of LHNs at 5 K to reduce the effect of thermally induced homogeneous broad-

ening. Figures 4.27a-c show the spectra at population time T = 0 after 30, 60 and

90 minutes of resonant illumination. In figure 4.27d, an additional 2D spectra taken

after 90 minutes with no illumination is reported. Qualitative changes in the overall

lineshape upon illumination are visible. The inhomogeneous (diagonal) lineshape in-

creases from ≈ 157 cm−1 after 30 minutes of exposure to ≈ 204 cm−1 after 90 minutes

of exposure, while maintaining a similar homogeneous linewidth. Figure 4.27d shows a

slight but noticeable reversal toward a rounder less homogeneously broadened shape.

As figure 4.27e shows, the integrated intensity of the rephasing signal normalized to

the initial spectra decreases during illumination, recovering slightly in the dark.
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Figure 4.26: Spectra of the four broadband laser beams used to record 2D electronic
spectra in the plotted on top of the sample absorption spectrum.
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Figure 4.27: Two-dimensional rephasing spectra of LHNs in sugar matrix in conditions
initial exposure (a), after 60 minutes exposure (b) and after 90 minutes exposure (c)
to the excitation beam. d) Additional two-dimensional rephasing spectra collected after
the sample was being left 90 mins in the dark. e) Inhomogeneous linewidth, calculated
as the diagonal section of the map in figure (a) and (c). Black curves show Gaussian
fits of inner and outer wall features. f) Integrated intensity of the rephasing signal from
the four maps above, normalized to the first point (black dots) and Inner wall FWHM
from the Voigt-fit of the four maps above.
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4.5.2 Data interpretation

We observe (figure 4.20 two different processes, PB and PD, occurring with different

timescales under intense illumination. We assign each process to two different forms

energetic disordering:

• PB process consists of an increase of aggregate QY associated to a blue-shift of

the inner-wall emission peak, a FWHM decrease and an increase of the total decay

rate (see figure 4.21). In order to sadisfy equations 4.5.3 and 4.5.4, an increase

of QY and ktot implies an increase of the radiative rate kr. Furthermore, kr is a

measure of the exciton delocalization because, from eq. 4.5.5 kr is proportional to

the number of monomers participating in the excited state. Therefore, we assign

the PB to an energetic annealing process, which provide the energy required for

a rearrangements of the monomers in a more ordered configuration. This process

decreases the static disorder and thus increases the delocalization length of the

exciton, and the length of the effective dipole, resulting in an induced Super-

radiance. The rate of annealing is directly proportional to the flux, as shown in

figure 4.21a. Previous studies performed on pentacene [184], azobenzene [185]

and merocyanine films [186] have shown that structural ordering and enhanced

exciton emission can be induced by photo-excitation of aggregate films.

• During PD, all the previous trends (QY, total decay rate, FWHM) are reversed,

except the blue-shift, that keeps increasing with less slope. In addition, we find

that PD is reversible in the dark (figure 4.21a). This suggests a different form of

disorder modulation, which decreases the overall delocalization, without chang-

ing the overall static disorder. We attribute this effect to the introduction of

defect sites, which remove individual monomers from the aggregate structure.

This process may reflect isomerization, individual site charging, long-lived triplet

formation, all of which may have different rates, thus partially explaining the

nonlinear dependence on the light flux (figure 4.21a). The slow recovery of PD,

even at 5K (figure 4.27f) suggests aggregate charging and dissipation as a possible

mechanism.
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4.5. EXPLORING ENERGETIC DISORDER

4.5.3 Structure and spectroscopy model

In order to simulate the experimental spectroscopic data, we developed a model similar

to the one presented in 4.4.2. A Frenkel Hamiltonian of 1000 sites was constructed,

where the diagonal elements are the monomer transition energies which have an inho-

mogeneous distribution due to the static disorder. The static disorder is introduced as

a Gaussian distribution P (εn) in the random diagonal elements offsets εn

P (εn) =
1√
2πσ

exp
(
− ε2n

2σ2

)
(4.5.6)

It was found that a Gaussian function with σ = 450cm−1 was required in order to

obtain a good agreement with the experimental spectra.

The coupling elements Vnm in the extended dipole approximation (eq. 4.4.8) were

calculated using the geometry parameters in ref. [34,108] and no off-diagonal disorder

was considered, because our results showed that off-diagonal disorder affects the ensem-

ble spectra exactly the same way as diagonal disorder. Each monomer was considered

an extended dipole µ = 11.4D with point charges q± = ±0.34e (being e the electron

charge) and relative distance l = 0.7 nm. The IW radius of 3.55 nm was taken from

ref. [24]. The modeled nanotube consisted of 24 bricks around each ring and 42 rings.

In agreement with our observation of very weak coupling between the two walls of

the LHNs and with previous studied [34,108], we considered independent exciton band

structure arising from each wall. The total absorption spectra come from the simple

summation of the two corresponding dipole strength. Once the Hamiltonian has been

diagonalized, the absorption spectra can be calculated by inverting eq. 4.4.6:

ε(ω) ∝
∑
f

Dfδ(ω − Ef ) (4.5.7)

where the sum is over the exciton states with dipole strength Df and energy Ef . In the

general case of disordered aggregates, equation 4.5.7 has to be averaged over different

disorder realizations. For each level of static disorder, 400 different Hamiltonian were

generated, with diagonal elements taken from the same Gaussian distribution of width

σ. The absorption spectra obtained from the diagonalization of these 400 Hamiltonians,

each representing a single LHN, were averaged together to form the final spectra.

In order to understand the mechanisms driving the PB and PD phenomena observed

under sample irradiation, we simulated the IW emission spectra varying the width of

the Gaussian distribution. We found that, by narrowing the distribution, meaning by

reducing the amount of static disorder, the simulations reproduced the spectral trends

observed during PB: the fluorescence bands narrow and blue-shift (figure 4.28).
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Figure 4.28: Simulated normalized emission spectra as at different levels of disorder
(width of the Gaussian distribution of diagonal energies), showing bands narrowing
and blue-shifting as static disorder decreases.

During PD, we observed reversal of all trends except the blue-shift of the peak

position. We assign this observation to the introduction of defect sites, which remove

individual monomers from the aggregate structure (connectivity disorder). Figure 4.29

present IW simulated emission spectra varying the amount of sites removed from the

Hamiltonian. When a monomer is turned off, it does not take part anymore in the

exciton delocalization. Also in this case, the model is in good agreement with the

experimental trends observed: the fluorescence bands broaden and blue-shift.
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removed, showing bands broadening and blue-shifting as connectivity disorder increases.
b) FWHM increases with the percentage of sites removed.
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The models used to simulate PB and PD are represented in figure 4.30. By changing

the static disorder distribution of the sites energies, we modulate the exciton delocal-

ization. By introducing connectivity disorder, we turn off a particular aggregate site.
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Figure 4.30: illustration of the models used to simulate the spectral behavior of LHNs.
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disorder, which in turn decreases the exciton delocalization. The PD is reproduced by
introducing connectivity disorder, which means sites removal from the Frenkel Hamil-
tonian.
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4.6 Summary

In conclusion, we investigated the nature of exciton diffusion in self-assembled J-

aggregate LHNs. Our research follows two main branches.

In the first section of this chapter, we were able to prevent photodegradation of

the samples by developing a novel method of preparation. The sugar matrix indeed

guarantees stability of the aggregate over several days.

We proved that EEA occurs at low excitation fluxes. This is a rare phenomenon

to be observed in molecular aggregates, as they are in general too disordered to al-

low for exciton interactions. By fitting the PL data with a one-dimensional diffusion

model, we estimated large diffusion constant and diffusion length, demonstrating that

large coupling and low-static disorder are critically important for long-range exciton

transport.

Temperature-dependent linewidth highlights a low degree of static disorder, sug-

gesting a coherent contribution to exciton migration.

Furthermore, we developed a diffusion model, including energetic disorder, to de-

scribe exciton migration along a single nanotube, which is in agreement with the ex-

perimental results.

In the second section, we proved that, if transport is mostly coherent, control of

temperature and local energetic disorder can be used to modulate exciton migration.

Visible irradiation of the sample causes an increase of exciton delocalization that can be

controlled through the excitation power, the spot size of the laser beam on the sample

surface and the illumination time. Enhanced exciton emission makes this aggregate an

appealing excitonic antenna for a broad range of applications, from energy harvesting

to computing. These attractive electronic properties are due to the unique topology

of the LHNs, which controls both aggregate photophysics and material response to

different forms of energetic disorder.

An model to simulate the exciton dynamics was developed, based on the diago-

nalization of a Frenkel Hamiltonian in order to calculate the stationary spectra of the

aggregate. A good agreement with the observed spectroscopy data was obtained. Fur-

thermore, we were able to reproduce the spectral trend observed during PB and PB

by tuning the amount and the nature of the static disorder in the system.
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5
EFFECT OF H-AGGREGATION IN THE

EXCITED STATE OF A ZN(II)
PHTALOCYANINE DYE

In chapter 3 I introduced the modified ZnPc molecule as a possible candidate for

charge-injection in DSSCs. Object of investigation through TAS were the photophysical

properties of the dye in EtOH solution and adsorbed on nanostructured films of titania

and zirconia. The stationary characterization of the dye revealed the formation of H-

aggregates, which can strongly influence the exciton migration, as reported in literature

previously [187,188]. We demonstrated that the low energy dark state arising from the

S1 splitting in the aggregation process acts as excitonic trap, preventing efficient charge

injection in the semiconductor film.

Aggregate formation was observed not only when the dye is adsorbed on the oxide

films, but also when dissolved in solvents (see figure 3.8). In presence of aggregation,

the stationary absorption spectra shows a broad band on the high-energy side with

respect to the monomer S0 → S1 transition. Furthermore, the noticeable broadening of

the band on its low energy side can possibly be attributed to increased inhomogeneity

of the sample, due to the molecules surrounding the aggregate that feel a different

environment.

In this chapter I will discuss the experimental results obtained by studying the

same dye through broadband pump-probe TAS and 2DES, two non linear spectroscopic

technique already described in sections 2.2 and 2.4.
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5.1 Broadband pump-probe

A preliminary study was carried out in the pump-probe configuration of the setup, by

exciting the sample with a broadband pulse centered at (460 THz). Figure 5.1 shows

the time evolution of the transient spectra of the dye dissolved (c) in ethanol, where

only monomers are present, and (d) in chloroform, where aggregation occurs. Panels

(a) and (b) of the same figure show slices of those plots at the delay time of 260fs.

The kinetic traces, reported in figure 5.2, show a different behavior of the dye

dissolved in EtOH and CHCl3: the growth of the bleaching signal recorded at 460

THz, corresponding to the spectral feature attributed to the aggregate, is slower on

top than the growth of the monomer GSB at 440 THz. Correspondingly, we observe a

rapid decay of the monomer on the same timescale. In addition, the monomer signal in

presence of the aggregate decay faster on a timescale of some picoseconds. The isolated

monomer in ethanol clearly shows a slow decay of the signal on the same time-window.
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Figure 5.1: a) Pump-probe spectrum at 260 fs delay time of the dye dissolved in EtOH,
where only the monomer is present. b) Pump-probe spectrum at 260 fs delay time of the
dye dissolved in CHCl3, where H-aggregation occurs. c) Pump-probe 2D time-frequency
map of the dye dissolved in EtOH, where only the monomer is present. c) Pump-probe
2D time-frequency map of the dye dissolved in CHCl3, where H-aggregation occurs.
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Figure 5.2: a) Kinetic traces from the pump-probe spectra recorded in EtOH and
CHCl3 solutions. Blue and red curve are referred to the GSB of the monomer, green
curve to the GSB of the aggregate. b) Zoom on a 200 fs time window.

5.2 2DES in presence of H-aggregation

The 2D electronic spectroscopy measurements are presented in figure 5.3:

• Figure 5.3a shows a 2DES map of the dye in ethanol solution. Even if there is

not enough resolution to distinguish the two Q states, the bleaching feature is

broadened along the diagonal because it is a convolution between two bands. A

cross peak is observed, suggesting a coupling between the two Q-states.

• In CHCl3 solution (figure 5.3b), the diagonal peak attributed to the aggregate

is clearly visible. Furthermore, the cross peaks referred to the Q-components are

even more clear than in EtOH, due to the solvent effect discussed in section 3.1.

• The cross-peak that appears under condition of high aggregate concentration in

CHCl3 solution suggests an excitonic coupling process occurring between the

monomer and the aggregate. The excitation frequency of the cross-peak corre-

sponds to the low energy side of the aggregate feature. This observation has

been interpreted as an electronic coupling occurring between the aggregate and

the monomer molecules in proximity of the aggregate itself, which energetic levels

are perturbed by the presence of a close aggregate.

This result suggest the presence of three different species in the sample: the

isolated ZnPc molecules, which give rise to the low energy diagonal peak (cen-

tered around 430 THz) in all the three maps of figure 5.3; the peripheral ZnPc

molecules that feel the presence of a close aggregate that perturbs their energies;

the H-type aggregate, responsible of the high-energy diagonal peak in the maps.
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Figure 5.3: 2DES maps recorded at T2 = 200 fs of the dye in EtOH (a), in CHCl3
at low aggregate concentration (b) and in CHCl3 at high aggregate concentration (c).
The black curves on the right are the absorption spectra of the three samples.

128



5.2. 2DES IN PRESENCE OF H-AGGREGATION

The diagram in figure 5.4 represents the proposed energy levels participating to

the excited state dynamics observed in presence of aggregation. The high-energy state

above the monomer S1 state represents the excitonic state delocalized over the H-type

aggregate. The coupling between the monomer molecules in proximity of the aggregate

and the aggregate itself causes the appearance of the cross-peak in figure 5.3c.

Electronic coupling

between monomer

and aggregate states

Figure 5.4: Proposed diagram of energy levels involved in the observed dynamics in
presence of H-aggregation.

The maps recorded as a function of the population time T2 of the monomer in

ethanol solution (only monomer present) are shown in figure 5.5. It is observable the

spectral diffusion that, from a GSB feature elongated on the diagonal (i.e. homo-

geneously broadened), widens the spectra in the anti-diagonal direction (inhomoge-

neously). No particular Echo intensity evolution was observed in the scanned range of

population time T2 between 0 and 300 fs.
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Figure 5.5: Recorded 2DES maps as a function of the population Time T2 in case of
the ZnPc dye dissolved in EtOH.

130



5.3. DIETHYL-ETHER SOLUTION MEASUREMENTS

5.3 Diethyl-ether solution measurements

In order to get insight the electronic coupling of the two Q-states, we performed 2DES

on the dye dissolved in diethyl-ether, where we observed the larger value of Q-band

splitting (≈ 20 nm) from the stationary absorption spectra (se figure 3.6).

From the pump-probe measurements we observed intensity oscillations of the GSB

at frequency ν ≈ 600cm−1 ≈ 18 THz (time period T ≈ 20fs). Such frequency is

consistent with an internal vibrational mode of the molecule. The pump-probe map

and kinetic trace are reported in figure 5.6.

Concerning the 2DES measurements, as expected, the 2D map (figure 5.7) recorded

at T2 = 35 fs clearly shows the cross-peaks at both high excitation and low excitation

frequency, appearing from population time T2 = 0. Unfortunately, the cross-peak

intensity is too low to see oscillations in the Echo signal.
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Figure 5.6: a) Pump-probe 2D time-wavelength map of the dye in Diethyl-ether solution.
b) Single frequency kinetic trace recorded at 435 THz (center of the GSB feature)
showing oscillation in time with periodicity ν ≈ 9 THz.
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Figure 5.7: 2D electronic spectroscopy maps recorded at T2 = 35 fs of the dye in
Diethyl-ether.

5.4 Summary

In conclusion, we confirmed the presence of electronic coupling between H-type ag-

gregates and surrounding monomers molecule. This results was at first suggested by

the stationary spectroscopic investigation discussed in section 3.1. Furthermore, we

observed a faster recovery of the ground state in presence of the aggregate, which can

be understood by considering the presence of a dark low energy state that acts as

exciton trap. 2DES measurements suggest the presence of three species in CHCl3 so-

lution: isolated ZnPC molecules, peripheral monomers and molecules packed together

in H-aggregates. We had evidence of electronic coupling between the aggregate and

the peripheral molecules in close proximity.

Finally, we performed 2DES on the dye dissolved in dyethil-ehter, where we were

able to separate the electronic contributions of the two Q-states thanks to the high

frequency resolution of our setup. Pump-probe measurements of this system show

an oscillatory behavior related to a vibronic transition coupled with the excited state

dynamics.
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This thesis collects the results of a series of experiments aimed at the characterization

of energy and charge transfer processes in organic systems, carried out during my

PhD course. The complexity of the subject is connected to the identification of the

molecular-scale phenomena that occur after visible excitation of the systems. The goal

is to control these processes in order to maximize the energy migration throughout the

systems, aiming to their potential application in OPV devices.

Stationary and time-resolved spectroscopic techniques are excellent experimental

methods to investigate ET in organic molecular complexes, because a deep insight in

the electronic properties can be obtained from the absorption and emission spectra.

My first experimental work at LENS concerned the investigation of the photophys-

ical properties of the substituted ZnPc dye in solution and its electronic interaction

with the titanium oxide and zirconium oxide films, reported in chapter 3. The ZnPc

dye presents two intense absorption bands in the visible region: the good match with

the solar spectrum makes the dye attractive to be used as light-harvesting antenna for

sunlight capture in DSSCs.

The characterization by stationary absorption technique of the free dye in solution

shows a splitting of the first singlet excited state S1 into two electronic states. This

band splitting is ascribable to the asymmetry introduced by the phenyl-ethynyl moiety,

which causes the partial removal of the degeneration of the two Q-states. The analysis

of the absorption spectrum recorded in different solvents shows a dependence of the

Q-states energy separation on the coordination and the polarity of the solvent.

The absorption spectra of the dye in several solvents and when adsorbed on titania

and zirconia substrates is dominated by the growth of a band centered at 640 nm,

blue-shifted with respect to the low-energy (690 nm) transition of the monomer in

EtOH. This spectral feature indicates the presence of H-type aggregates, that I further
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investigated by TAS in order to extract their contribution to the excited state dynamics.

The different intensities of the spectral bands of the aggregate in ZrO2 and in TiO2

are explained by considering that the films are made by nanoparticles of different sizes

(zirconia diameter of 25 nm and titania diameter of 60 nm).

Several features can be identified in the TAS spectra: an ESA, centered at 495

nm, and two GSB bands (in correspondence of the S0 → S1 transition and to its

vibronic progression) that overlap with the SE due to the small Stokes Shift. The

Global analysis, performed with the Glotaran software, revealed, in agreement with

the single-wavelength kinetic traces, different time components:

• a time of ≈ 5.4ps for the rise of the SE, due to vibrational cooling and internal

conversion between the Q-states, which bring the system to Boltzmann equilib-

rium in the excited state.

• a slow component of ≈ 3.9ns, reflecting the lifetime of S1.

• a steep drop if GSB drop, occurring within 100fs, on the same timescale of the

IRF; it sets an upper limit for the S2 → S1 IC.

• An ESA time-component of 6.5 ns, reflecting the excited state lifetime.

• A slow ground state recovery, unmeasurable on the timescale of our experiments,

indicating the participation of a long-lived state (e.g. triplets), in agreement with

previous works [162–165].

This kinetic analysis is summarized in a Jablonski diagram of the energy levels

involved in the observed transient behavior, reported in figure 3.13 of chapter 3.

TAS measurements were performed on the dye adsorbed on the oxide films. The

most evident difference between the ZrO2 and TiO2 films is given by the nanosecond

ground-state recovery which is 1 order of magnitude slower in TiO2 (> 10ns) than

in ZrO2 (2.1ns), due to the slower recombination process of the injected charge. As

expected, the charge transfer is not observed in case of the zirconia substrate, because

the Fermi level in the oxide is higher than the LUMO of the dye.

Furthermore, in case of the dye adsorbed on ZrO2 film, we observed an intermediate

time-constant of 115ps in the GSB recovery, consistent with radiative deactivation

channels introduced by the aggregation. A Jablonski diagram including aggregate

pathways is shown in figure 3.17 of chapter 3.

The above TAS experimental results are published in ref. [14].

In chapter 4 I presented and discussed the experimental results obtained from the

spectroscopic study of the self-assembled LHNs, quasi one-dimensional J-aggregates
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consisting of ordered amphiphilic cyanine dyes that form extended transition dipoles

with concentrated oscillator strength in a lower-energy, highly emissive state. This sys-

tem attracts scientific interest because of its potential application as light-harvesting

antennas and its important electronic properties, characterized by large exciton delo-

calization.

The first issue that we had to deal with was the instability of the sample under light

and oxygen exposure, causing the photobleaching of the aggregates and their bundling

in nanotube superstructures. The instability issue was overcome by preparing the

samples in a sucrose-trehalose matrix, which prevents the photo-oxidative damage and

preserve the nanotube structure over time.

The stationary spectroscopic characterization of the sample revealed interesting

electronic properties: the large red-shift (80 nm) of the aggregate absorption spectra

with respect to the monomer is a measure of the large dipole coupling between the

former. The narrow bands, due to motional narrowing, indicate that the energetic

disorder is dominated by the homogeneous contribution (dynamic disorder). Therefore,

we expected low static disorder, which means high degree of ordering and large exciton

diffusion length. The negligible Stoke Shift, measure of the electron-phonon coupling,

suggests low interaction with the environment. Quantum coherence phenomena are

likely to be present in systems presenting the electronic properties just described.

The above hypotheses were further confirmed by the temperature-dependent ab-

sorption and emission spectra: when temperature decreases, we observed narrowing of

the spectral features, 2) increase in QY, 3) decrease of lifetime and 4) unchanged Stoke

shift. These results indicate that the LHNs structure is preserved when temperature

changes (no introduction of defects) and suggest larger exciton delocalization at low

temperature, which causes an increase of motional narrowing. The spectra were fitted

by a double-Voigt function describing IW and OW components. Only the Lorentzian

parameters were varied as a function of temperature. The homogeneous FWHM was

found to be 118cm−1 at room temperature, with a power-low temperature dependence,

which suggests that pure dephasing dominates the homogeneous lineshape. From the

zero-temperature linewidth, we can estimate a value of 115cm−1 for the static disorder.

We were able to identify the incoherent nature of the electronic coupling between

the two walls of a single nanotube. In fact, the intensities of the emission bands asso-

ciated to the inner and outer walls as a function of temperature follows the Boltzmann

distribution. Such incoherent ET can be conveniently described by the Forster Theory.

We found evidences of EEA by comparing ultrashort pulsed and continuous wave

laser excitations at the same power and wavelength. In the latter case the emission

intensity is linear in the excitation power. On the contrary, when probed with ultra-
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fast excitation, the QY saturates at high powers, suggesting a non-linear process due

to interaction between excitons. This phenomenon is extremely uncommon in organic

molecular aggregates, because the high degree of static disorder causes Anderson lo-

calization. The presence of EEA was confirmed by the lifetime data collected at room

temperature: we obtained a good agreement with the experiments, using an analytical

model for exciton migration that includes second-order interactions. A Monte Carlo

simulation allowed to extract from the EEA results the exciton diffusion length (≈ 1.6

µm) and coefficient (≈ 55cm2/s), very large values for organic systems.

In order to decouple the contribution of static and dynamic disorder to the en-

ergy transport, we develop a sophisticated model for exciton migration, starting from

some analogies with the electronic band theory. Molecular exciton conduction mostly

falls in two regimes: hopping and delocalization. In the hopping regime, interaction

with the environment (the reorganization energy) exceeds the dipole-dipole coupling

J (λreorg > J), leading to Forster resonance-dominated transport. In the delocalized

regime, dipole-dipole coupling exceeds the reorganization energy leading to Redfield

transport. Efficient conduction of singlet excitons requires a balance of these two

regimes, with both coherent quantum delocalization and incoherent resonance energy

transfer playing a role.

In our model both regimes can be easily described by a random walk equation, were

the diffusion length assumes different expressions in the two regimes, characterized by

different ratios of homogeneous to inhomogeneous contribution. The amount of static

and dynamic disorder, to be used in the model, are estimated from the experimental

lineshapes: the Gaussian and Lorentzian contributions give the inhomogeneous and

homogeneous timescales, respectively.

The LHNs coupling was estimated by solving the eigenvalue equation with a Frenkel

Hamiltonian. Following prior studies [34, 108, 109], we used an extended dipole ap-

proximation to calculate the interaction potential matrix elements, using the three-

dimensional geometry of a RBM wrapped around an arbitrary axis to form a cylinder;

the monomers are arranged along the cylinder surface in an helical configuration. We

performed an accurate Monte Carlo simulation, adopting for the diffusion length the

value estimated from this model (32cm2/s), achieving a good agreement with the ex-

perimental data.

The study have been published in ref. [27].

The second research goal in the contest of LHNs exciton diffusion, was the control of

exciton propagation by means of the selective introduction of disorder. The stationary

emission of the aggregate during visible irradiation shows an initial enhancement of QY
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(Photobrightening or PB), followed on longer timescale (several minutes) by QY deple-

tion (Photodarkening or PD). Spectral analysis revealed narrowing and blue-shifting

of the emission band during PB, followed by broadening and still blue-shifting during

PD. Furthermore, lifetime data were collected during irradiation, showing that the de-

cay rate decreases during PB and increases during PD. The decrease of the radiative

rate during PB can be explained only if we assume that irradiation induces exciton

delocalization over larger distances. Similar to an annealing process, local heating is

responsible for the rearrangement of the dipoles in a more ordered configuration, where

Anderson localization acts only on longer length scales.

The above results merge together in a consistent picture of exciton transport driven

by Super-radiance phenomena, a collective emission process that results in an enhance-

ment of QY with respect to spontaneous processes. The observation of Super-radiance

in LHNs open important scientific challenges, such as the possibility of controlling the

cooperative exciton behavior by local heating of the sample.

The experimental spectroscopic data were reproduced using a sophisticated model

for exciton diffusion. Starting from a Frankel Hamiltonian that describes the dynamics

of a single nanotube, we simulated the absorption spectra by averaging over several

disorder realization. We found that the width of the Gaussian distribution used to

model the static disorder of site energies, reflects on the width and the energy of the

aggregate emission spectra, confirming our hypothesis of super-radiance induced by an

annealing process. Furthermore, we introduced in the model a connectivity disorder,

consisting in the insertion of defect sites in the Hamiltonian. This disorder leads to

decrease in aggregate QY, exciton emission broadening and blue-shift, as observed in

the PD process.

The experimental work about Super-radiance in LHNs, supported by the theoreti-

cal model, are object of a paper currently in preparation.

The third and last part of my research project concerned the use of coherent multidi-

mensional spectroscopy to study the electronic coupling between different excited states

of the ZnPc dye already characterized by TAS. Broadband pump-probe experiments

show that the GSB recovery of ZnPc is slower in the monomer than in H-aggregates.

The GSB negative band of the aggregate presents a slow rise, followed by the overall

decay. These results suggest the presence of a sizable interaction between the monomer

and the aggregate.

This conclusion is confirmed by the time resolved 2DES: The 2D maps recorder

at fixed population time show cross-peaks that reveal electronic coupling between the

non-degenerate Q-states of the monomer in EtOH and the aggregate excited state.
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Furthermore, the cross-peak is observed on the low energy side of the aggregate band,

suggesting that only the monomers in close proximity of the aggregate are influenced by

the aggregate excited state. Measurement done at different aggregate concentrations

allowed us to identify three families of molecules with distinct electronic properties:

1. the monomers far from the aggregates, which behave as isolated molecules;

2. the molecules forming the aggregates, characterized by high static disorder (broad

spectral features) which introduces radiative deactivation channels in competition

with the exciton delocalization.

3. the monomers at the periphery of the aggregates, whose energetic levels are

perturbed by the aggregation.

2DES maps as a function of population time were collected from 0 to 300 fs, showing

bands broadening due to spectral diffusion. I performed additional measurements on

the sample in diethyl-ether solution, where the Q-band splitting is maximum (≈ 20

nm). In this case the 2D maps clearly show the presence of cross peaks, well separated

from the diagonal GSB band; temporal oscillation of the signal with frequency of about

300cm−1 are also visible, consistent with an internal vibrational of the molecule.

In conclusion, 2DES revealed to be a powerful technique to study excitonic interac-

tions and possible quantum effects that are not observable with standard pump-probe

techniques. The use of broadband excitation pulses, as well as the high temporal and

frequency resolution, allowed us to decouple different electronic contribution to the

third-order Echo signal.

138



A
WANNIER-MOTT EXCITONS

Consider an insulator or semiconductor with an energy gap εg between valence and

conduction band, with a parabolic potential (minimum/maximum in k = 0). If an

electron is excited to the conduction band through absorption of light (k = 0), an

electron-hole pair is formed. In the center of mass reference system, the time evolution

of the system is described by the Schrödinger equation

(− ~
2µ
∇2

r −
e2

εrr
)Φλ(r) = ελΦλ(r) (A.0.1)

where µ is the reduced mass, λ indicates the set of quantum numbers {n, l,m} and

the electrostatic screening is included in the dielectric constant εr (assumption valid

only if e-h distance is large). By solving the equation we find continuous and discrete

eigenvalues:

ελ =
~2k2

2µ
− 1

n2

µe4

2ε2r~2
=

~2k2

2µ
− RH

n2
(A.0.2)

The total energy excitation is then

E(nlm),~k = εg(~k) + ελ (A.0.3)

where ~k is the translational wave vector. Because of the negative term, there is an exci-

tation energy threshold smaller than the energy gap εg). The discrete state represents

a bound pair of an electron and a hole which is called an exciton. The optical absorp-

tion spectrum consists of a series of discrete lines followed by the ionization continuum

(figure A.1).

Unlike the hydrogen atom, the exciton just described is consists in two light quasi-

particles with comparable masses: this leads to a lower stability of the excited state,

and thus to a larger radius of the electron orbit, close to the ionization continuum.

Furthermore, the e-h attractive electrostatic force is shielded by the dielectric constant,
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Figure A.1: a) Excitation energy of an e-h pair as a function of translational wave

vector ~k . b) Example of absorption spectrum (from ref. [189]).

which is responsible of further increase of the radius.

The existence of Wannier-Mott excitons requires low temperatures and sufficient

purity of the crystal. Both high temperature and impurities produce disorder in the

system, and cause localization of the excitons, preventing their migration over large

distances. In this case, bound excitons are created. The presence of defects shorten

the excited state lifetime (that is inversely proportional to the probability of encounter-

ing a trap) and contribute to the radiative recombination of the electron with the hole

[190], producing a characteristic PL. For this reason, PL is a sensitive tool to study

the presence and concentration of defects in semiconductor materials [191,192].

It is worth to note that by absorption of light only the direct transition at ~k = 0

can be excited. Indirect transitions mediated by phonon scattering can also play an

important role in the exciton migration process.
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B
THE FAILURE OF THE POINT-DIPOLE

APPROXIMATION

Two different approaches are generally used to calculate the intermolecular coupling,

depending on the strength of the local interactions, still in the hypothesis that excita-

tion migration is driven by dipole-dipole potential:

• in the Transition Density Cube (TDC) method (see fig. B.1), the coulomb

interactions between donors is at first averaged and then coupled with the average

coulomb interaction between acceptors [74, 193]:

V = KDA|
∑
m

λm~µm||
∑
n

λn~µn|
1

4πε0R3
DA

(B.0.1)

where RDA is the donor-acceptor distance, KDA is the orientation factor between

the dipole moments averaged over the ensembles of donors and acceptors: ~µD =∑
m λm ~µm and ~µA =

∑
n λn ~µn. The coefficients λn and λm are the weights of the

single dipoles.

• in the Distributed Transition Dipoles (DTD) method (see fig. B.1), the

summation is over the coupling between pairs of donor and acceptor [70,74,194,

195]:

V =
∑
m,n

λmλnkmn
|µm|2|µn|2

4πε0r3
mn

(B.0.2)

where rnm is the separation between dipoles n and m, with orientation factor

knm.

It is easy to understand that the DTD is the evolution of the TDC method, which

considers an average distance between the set of donors and the set of acceptors.

However, the advantage of TDC is that it is computationally faster. In case of complex
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systems where donors and acceptors are spread out over the same region, TDC method

cannot reproduce the effective coupling, and it is necessary to consider the spatial

distributions of the dipoles, as it has been shown by C, J. Wong et al. [196] in case

of carbon nanotubes. On the contrary, many photosynthetic and biological systems,

such as LCII (see figure 1.17) or DNA bases, present spatially separated ensembles of

donors and acceptor that enhance the directionality of ET. In such cases, the TDC

method turned out to reproduce the effective coupling correctly [193,197,198].
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Figure B.1: Representation of the DTD method (left) and the TDC method (right) used
to calculate the effective interaction between a set of donor states and a set of acceptor
states.
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C
EXCITON MODEL:
PHASE ACCUMULATED

The Central Limit Theorem states that, given N variables {x1, x2, ...xN} from a ran-

dom distribution with meanxM and variance σ2 (standard deviation or spread σ), the

distribution of the mathematical mean x1+x2+...+XN

N
tends to a Gaussian distribution

with mean XM and variance σ2

N
.

Let’s consider the bands theory for exciton migration in an ordered lattice (section

4.4): there are initially N random phases {Φi}N from the same distribution with

standard deviation ∆Φ = δω
δv

= ∆ωI

2J
, that is the phase accumulated for unit distance.

For N large, the spread on the average phase in the same unit distance is ∆Φ√
N

.

In case of a one-dimensional chain of N sites and length L, if the distance between

two sites is set to one, N = L. In the model presented in 4.4.1 the average distance

between two traps is vt` = 2Jt`. We thus obtain

∆Φ√
2Jt`

=
∆ωI
2J

(C.0.1)

At the same time, the average phase Φ during the localization time has varied from

−π/2 to −π/2, as shown in figure C.1.

∏/2

-∏/2

tl

∆Φ

t

∆ωI

2J 2Jt

Figure C.1: The pink curve is the average
phase accumulated during a time interval
equal to the localization time t`.
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