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Introduction

Molecular functional materials are in the spotlight of scientific research as
the most promising path towards innovative applications in sustainable
and recyclable optoelectronic devices, in bioimaging, sensing, photonics,
teleommunications etc.[1–11] The virtually infinite possibilities offered
by organic synthesis allow for an extremely fine tuning of the molecular
properties for improved performances. In this context, theoretical mod-
eling is an essential tool to guide the synthesis, providing clear design
strategies for optimized systems. Quantum chemical calculations, avail-
able to the scientific community in a large number of software packages,
represent one of the most successful and widely exploited approaches
to address molecular systems. However, the collective properties of a
material are not simply the sum of molecular properties[12] and therefore
are often beyond the scope of standard computational tools. A material
has to be considered as a whole, as a macroscopic thermodynamic object,
and a proper treatment of the interaction with the environment is crucial
in pushing a microscopic molecular system towards the thermodynamic

limit.

Two issues in this respect must be faced. The first and most generally
recognized issue falls under the broad definition of environmental effects.
As aforementioned, the properties of a molecular system are determined
not just by the properties of the molecules themselves, as calculated,
e.g., via gas phase ab initio calculations, but are crucially affected by
intermolecular interactions. Wildly different environments define the
most rich and diverse array of phenomena. The variability is substantial,
ranging, for example, from liquid solution to a molecular dispersion
in a solid matrix, from a completely disordered amorphous phase to
ordered aggregates and crystals. Polar solvation dynamics, static and
dynamical disorder, excitonic effects are just some examples of the many
possible phenomena that determine the photophysics of the material
and its properties like, e. g., charge transport and mobility and energy
transfer.

A second, more subtle issue arises from the fact that materials are
macroscopic systems, so that a reliable and complete description of their
behavior and properties cannot be obtained focusing on the microscopic
domain of molecular quantum mechanics, but requires entering the
fascinating world of open quantum systems[13], as to effectively connect
the microscopic quantum realm of a single (or a few) molecule and
the macroscopic world. Energy dissipation is crucial to bridge the gap
between quantum mechanics and thermodynamics. An explicit quantum
mechanical treatment of a system large enough to ensure a realistic
evolution of energy fluxes is clearly unfeasible. Open quantum system
approaches offer an elegant strategy to overcame this limit. In few words,
out of the macroscopic object a system is identified, corresponding to the
portion of the object or to the subset of degrees of freedom of interest.
This system interacts with the rest of the world, the bath, that acts as a
thermal reservoir.

In this thesis, both the abovementioned issues are faced with reference
to a specific family of molecular systems, the so-called charge transfer



2 Introduction

(CT) dyes. CT dyes are a wide class of chromophores whose low energy
physics is successfully modeled by essential state models (ESMs), where
few electronic states are coupled to few effective vibrational coordinates
in a non-adiabatic picture.[14–22] Specifically, environmental effects on
the photophysics of CT dyes in different environments are addressed
in the next chapters. The journey is divided in two main parts. In the
first part the world of open quantum systems is entered to describe the
relaxation of a single photoexcited chromophore in gas phase, in solution
or in solid matrices. The second part is then dedicated to molecular
aggregates and crystals.

In chapter 1, the well known and widely applied ESM for a polar (donor-
acceptor) dye is extended to describe the relaxation dynamics following
coherent photoexcitation. To this aim the Redfield approach to open
quantum systems is adopted.[23, 24] Subtleties and technicalities of the
coupling with the bath are carefully analyzed setting a solid basis for
subsequent work. The approach is validated via simulations of time
resolved emission spectra.

In chapter 2 the model is extended to account for polar solvation. The
polar environment is treated classically as an overdamped coordinate
whose dynamics is governed by the Smoluchowski equation. The model
is applied to investigate the static and dynamical dielectric properties of
organic amorphous matrices commonly used as dispersion media for the
emitters in organic light emitting diodes (OLEDs). The simulation of time-
resolved emission spectra of a solvatochromic polar dye (a microscopic
polarity sensor) in solvents and solid amorphous matrices of different
polarity validates the model and allows to extract for the first time
significant information about the relaxation times of these materials,
opening a novel perspective on solid state solvation.

Chapter 3 initiates the second part of the thesis, introducing the world
of molecular aggregates and presenting the celebrated Frenkel-Holstein
(FH) Hamiltonian for aggregates of molecules interacting via electrostatic
forces.[25–29] Special focus is put on the interplay between nearest
neighbor and next-nearest neighbor interactions in defining the vibronic
bandshapes in absorption spectra. The FH Hamiltonian is then used to
simulate polarized absorbance spectra of crystalline thin films of SQIB, a
squaraine dye suited for photovoltaic applications.[30–37]

In chapter 4 molecular aggregates are addressed in the framework of
essential state models, making a clear connection with the standard
exciton model discussed in chapter 3. The Redfield relaxation model set
up in chapter 1 is applied to dimers of dipolar chromophores in a unified
and comprehensive picture able to describe both exciton delocalization
in homodimers and resonance energy transfer in heterodimers.

In chapter 5, bigger and chiral aggregates are addressed, tackling the
problem of chiral proline-derived squaraine aggregates. Squaraines
represent a remarkable family of quadrupolar dyes whose aggregates
show diverse and interesting properties, including the panchromatic
absorption spectrum of nanoparticles and thin films. The general picture is
far from clear, with the origin of these peculiar features being alternatively
attributed to either disorder or to intermolecular charge transfer (ICT)
interactions. A new set of experimental data comprising absorption and
circular dichroism spectra of a series of chiral proline-derived squaraine
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aggregates adds a further piece to the puzzle. In the attempt to elucidate
the role of disorder and intermolecular charge transfer, an essential
state model extended to account for ICT is used to address chiroptical
properties of the aggregates at hand. While a firm conclusion is not
yet reached, significant insights are obtained about the physics of these
intriguing and fascinating systems.
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Understanding how an excited molecule dissipates energy after (photo)-
excitation is a central topic in molecular spectroscopy, to address both
time-resolved experiments[38–43] and spectral lineshapes in steady-state
experiments.[44] On a more fundamental vein, relaxation phenomena
play a pivotal role when connecting the microscopic world of quantum
mechanics with the macroscopic world of thermodynamics:[45] a deep
understanding and control of relaxation processes will allow for the
design of molecular and supramolecular systems with predefined relax-
ation patterns that could be used to manipulate the energy fluxes at the
microscopic level.[46, 47]

To account for energy dissipation the fascinating world on open quantum
systems has to be entered, where the molecular system of interest is
somehow coupled to the surrounding environment. Several approaches
are available to couple a molecular system to a thermal bath, the oldest and
simplest ones, relying on a perturbative treatment of a Markovian bath,
are due to Redfield[23] and Lindblad.[48] More advanced approaches
have been proposed,[49], among which the numerically exact hierarchical
equation of motion (HEOM) approach plays a prominent role. The HEOM,
a computationally demanding technique, has been applied successfully in
several cases[49–53] but, typically, molecular vibrations are not explicitly
included into the system, but are clamped into the bath. On the other
hand, the less demanding Redfield model is widely exploited up to these
days,[54–60] particularly to simulate spectroscopic properties of systems
where vibrational coupling is prominent.

Vibrational degrees of freedom, allowing for the exchange of small
energy parcels with the surrounding, play a major role in molecular
relaxation. When interested in the relaxation of electronic states, vibra-
tions can be included in the thermal bath, leading to simple and flexible
approaches.[50, 53, 61] However, following this strategy the vibrational
relaxation occurring e.g. after coherent excitation cannot be accounted
for and it is not possible to address vibrational spectra. Moreover, as
recently demonstrated by the experimental observation of vibronic co-
herence transfer in the bacterial reaction center,[62] specific vibrational
states are directly involved in the coherence transfer process, leading to a
behavior that cannot be captured in models where molecular vibrations
are clamped in the spectral density. Finally, some molecular vibrations
are strongly coupled to the electronic system, making it impossible to
adopt relaxation models, like e.g. the Redfield model, that only works in
the weak-coupling regime.[23, 53, 63]

Here a model is presented to address relaxation dynamics as needed to
calculate steady-state and time-resolved optical spectra of a large family
of dyes, called charge-transfer (CT) or donor-acceptor (DA) dyes. These
dyes are extensively studied for their solvatochromic behavior,[15, 64]
their large NLO responses,[65–68] as fluorescent labels in microscopy

The work presented in this chapter is published in Phys. Chem. Chem. Phys., 24 (9), 5555-5563,
2022.
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1: Eq. 1.4 is also referred to as the time-

independent (or stationary) Schrödinger
equation.

applications,[69, 70] and as microscopic polarity sensors.[64, 71, 72] The
Redfield approach to open quantum systems is adopted to account for
energy dissipation and a careful analysis of the model is presented in
order to define solid and reliable guidelines to deal with this delicate
topic.

This chapter is structured as follows: in section 1.1 a general introduction
to quantum dynamics and open quantum systems is proposed, together
with a focus on the Redfield approach. Section 1.2 presents the adopted
model for the molecular system. In section 1.3 then relaxation dynamics
of such a system is investigated exploring different possibilities for the
coupling with the environment. The analysis continues in section 1.4,
where the model is extended to account for several coupled vibrational
modes, and in section 1.5 the calculation of absorption and time-resolved
emission spectra is addressed. Finally, section 1.6 concludes the chapter.

1.1 Open quantum systems: a general

introduction

1.1.1 Density matrix and Liouville-von Neumann equation

Wavefunctions and Schrödinger equation

In quantum mechanics the state of a system is represented by a normalized
vector in the Hilbert space. To build the desired space and to represent
and manipulate a state, a basis set has to be defined. A wise choice is to
work with an orthonormal basis set, i. e. a set of mutually orthogonal
normalized functions. Given {|)Ĥð} the chosen orthonormal basis set
(Dirac notation is used), the wavefunction representing the state |#ð and
defining all its properties is expressed in the general form of a linear
combination of the basis functions:

|#ð =
∑
Ĥ

ęĤ |)Ĥð. (1.1)

Linear Hermitian operators are associated to the physical observables,
whose expectation values are calculated as ï# |ý̂|#ð (ý̂ being a general
Hermitian operator). The time evolution of a quantum mechanical state
is dictated by the notorious Schrödinger equation

%|#(Ī)ð
%Ī

= − ğ

ℏ
Ą |#(Ī)ð (1.2)

where ℏ is the Planck constant and Ą is the quantum Hamiltonian, i. e.
the operator associated with the energy of the considered system. If the
Hamiltonian is time independent, eq. 1.2 is easily integrated:

|#(Ī)ð = |#(0)ðě− ğ
ℏ
ĄĪ . (1.3)

Accordingly, once a system is prepared in a given state |#(0)ð, the
Hamiltonian fully defines the time evolution of the system. It is generally
convenient to choose as a basis set the eigenstates of the Hamiltonian, i.
e. the solutions of the eigenvalue equation1:
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2: By definition, a pure state is a state
described by a wavefunction.

Ą |Ĥð = āĤ |Ĥð. (1.4)

On this basis, |#(Ī)ð reads:

|#(Ī)ð =
∑
Ĥ

|ĤðïĤ |#(Ī)ð =
∑
Ĥ

ęĤ(Ī)|Ĥð (1.5)

where the time dependence is acquired by the coefficients of the wave-
function ęĤ(Ī), the states |Ĥð being time independent. By plugging eq. 1.5
in eq. 1.2, the following expression for |#(Ī)ð is finally obtained:

|#(Ī)ð =
∑
Ĥ

ęĤ(0)ě−
ğ
ℏ
āĤ Ī |Ĥð (1.6)

where ęĤ(0) are the coefficients of the initial state |#(0)ð.

The density matrix

A wavefunction fully defines a quantum state and all its properties,
however it is often more convenient (and it will hopefully be clear why
by the end of this section) to use another object to represent a state. This
object is the density matrix (or density operator) �, that for a pure state2

|#ð is defined as the projector:

� = |#ðï# |. (1.7)

Consider, for the sake of clarity, a pure state |#ð represented on the
three dimensional basis {|Ĥð, Ĥ = 1, 2, 3}, the wavefunction and the
corresponding density matrix read:

|#ð = ©­
«
ę1

ę2

ę3

ª®
¬
, � =

©­
«
ę1ę

∗
1

ę1ę
∗
2

ę1ę
∗
3

ę2ę
∗
1

ę2ę
∗
2

ę2ę
∗
3

ę3ę
∗
1

ę3ę
∗
2

ę3ę
∗
3

ª®
¬
. (1.8)

If it is true that a wavefunction completely defines a state, it is not true
that all the states can be described by a single wavefunction. In fact, most
often the state of a system is not pure, being rather represented as a
statistical mixture of states, with probability Ħġ of being in state |#ġð. For
this mixed state, the density matrix is:

� =
∑
ġ

Ħġ |#ġðï#ġ |. (1.9)

where of course
∑

ġ Ħġ = 1. A mixed state is therefore a state that cannot
be described by a single wavefunction.

Density matrices offer an effective tool to deal with mixed states, a partic-
ularly useful feature to describe systems approaching the macroscopic
(read thermodynamic) limit. For a pure state in a Ĥ-th dimensional space,
a wavefunction-based and a density matrix-based description of the
system require the same amount of information, i. e. the Ĥ expansion
coefficients. A wavefunction-based description of a statistical mixture
would require the knowlegde of the the Ĥ coefficients for each one of the ġ

wavefuntions and relevant probabilities, while the density matrix allows
to deal with whatever degree of complexity and dimension with just Ĥ2

numbers. Part of the information is clearly lost (the explicit expression of
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3: Eq 1.9 is just a definition of the density
operator, in most of the practical cases
one builds the operator relying on ei-
ther experimental or theoretical assump-
tions, without knowing all coefficients
and probabilities.

4:
%|#(Ī)ð

%Ī
= − ğ

ℏ
Ą |#(Ī)ð

%ï#(Ī)|
%Ī

=
ğ

ℏ
ï#(Ī)|Ą

5: Sandwiching eq. 1.12 between two
eigenstates of Ą one obtain:

�ėĘ
%Ī

= − ğ

ℏ
(ïė |Ą�|Ęð − ïė |�Ą |Ęð)

= − ğ

ℏ
(āė ïė |�|Ęð − āĘ ïė |�|Ęð)

= −ğ āė − āĘ

ℏ
�ėĘ = −ğ$ėĘ�ėĘ

that can be integrated to give eq. 1.14.

all the wavefunctions and the associate probabilities), but in most cases
the complete information is either too much to be handled or simply not
known.3

Given the definition in eq. 1.9, the expectation value of a generic operator
ý̂ is calculated as:

ïý̂ð =
∑
ġ

Ħġ ï#ġ |ý̂|#ġð = ĐĨ{�ý̂} = ĐĨ{ý̂�}. (1.10)

For both mixed and pure states, the density matrix shows some charac-
teristic properties:

▶ is Hermitian;
▶ the diagonal elements �ėė are nonnegative. Since they represent

the probabilities to find the system in the relevant basis states, they
are called populations, while off diagonal elements �ėĘ are generally
complex and are called coherences;

▶ ĐĨ{�} = 1, with ĐĨ{·} indicating the sum over the diagonal ele-
ments;

▶ ĐĨ{�2} f 1, where the equality holds true for pure states.

The purity of a system is therefore defined as Č = ĐĨ{�2}, while the
coherence is calculated as ÿ = Č −∑

ėė �
2
ėė .

Liouville-von Neumann equation

Given the definition in eq. 1.9 and exploiting the Schrödinger equation4,
the temporal evolution of the density matrix can be evaluated as:

%�(Ī)
%Ī

=
∑
ġ

Ħġ
%|#ġ(Ī)ð

%Ī
ï#ġ(Ī)| +

∑
ġ

Ħġ |#ġ(Ī)ð
%ï#ġ(Ī)|

%Ī

= − ğ

ℏ
Ą
∑
ġ

|#ġ(Ī)ðï#ġ(Ī)| +
ğ

ℏ

∑
ġ

|#ġ(Ī)ðï#ġ(Ī)|Ą

= − ğ

ℏ
(Ą�(Ī) − �(Ī)Ą)

(1.11)

yielding the Liouville-von Neumann equation:

%�(Ī)
%Ī

= − ğ

ℏ
[Ą, �(Ī)] (1.12)

with a general solution in the case of a stationary (time independent)
Hamiltonian

�(Ī) = ě−
ğ
ℏ
ĄĪ�(0)ě ğ

ℏ
ĄĪ . (1.13)

If the system is represented on the basis of the eigenstates of the stationary
Ą, the time evolution of the density matrix elements is5:

�ėĘ(Ī) = �ėĘ(0)ě−ğ$ėĘ Ī (1.14)

where $ėĘ = (āė − āĘ)/ℏ. Therefore for a given initial state �(0) pop-
ulations (i. e. the diagonal elements) are constant and coherences (off-
diagonal elements) oscillate in time with a frequency equal to the energy
difference between the respective diagonal states.
The Liouville-von Neumann equation is the analog of the Schrödinger
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equation for the density matrix. This analogy becomes even more clear
when it is rewritten in the form:

%�(Ī)
%Ī

= − ğ

ℏ
L�(Ī) (1.15)

where L = [Ą, ·] is the Liouville superoperator, a four indices tensor
operating on a matrix. In the explicit expression for the ėĘ matrix element
eq. 1.15 reads:

%�ėĘ

%Ī
= − ğ

ℏ

∑
ę,Ě

LėĘ,ęĚ�ęĚ (1.16)

with
LėĘ,ęĚ = Ąėę�ĘĚ − Ą∗

ĘĚ�ėę . (1.17)

1.1.2 Towards open quantum systems: the reduced density

matrix

The Schrödinger or the Liouville-von Neumann equation allow to cal-
culate the time evolution of the system of interest. Once defined a
Hamiltonian Ą, all the rules are set, but here lies at the same time both
the most elegant and powerful aspect of these equations and their biggest
limitation. How many degrees of freedom do you need in order to set up a
realistic simulation? A system evolving in time according to the Liouville
equation is a closed system: it is entirely defined by its Hamiltonian Ą

and it does not exchange neither energy nor matter with the outside.
Actually, there is no outside. Reality is a bit more complex: once defined
a system (a molecule for example) one will find that in the real world the
chosen system is interacting with something else (e. g., solvent molecules
for a molecule in solution) and regardless of how much effort is put in
including a more and more detailed description of the system, there
will always be something outside (the solvent interacts with the walls
of the container, heat is exchanged with the surrounding air and so
on...). Therefore in principle, in order to apply the equations presented
in the previous section, a reliable simulation would be obtained only
in the extreme case in which the whole universe is explicitly accounted
for and included in the Hamiltonian. The answer to our question: too
many degrees of freedom to be handled. This is clearly an exaggeration
and the whole universe doesn’t have to be accounted for, but yet the
number of degrees of freedom that can be explicitly treated is fairly
limited and even a conceptually simple process like energy dissipation
due to the interaction with the solvent is non tractable with a closed
model. Hence, the need to move from closed to open quantum systems.
In an open quantum system only a portion of the universe is observed
and explicitly described by the Hamiltonian but the interaction with the
surrounding environment is somehow taken into account, even if not
explicitly included. New equations of motion have to be developed for
such open systems, but at first a proper tool has to be defined to describe
the system. This tool is the reduced density matrix.

Once defined the system of interest (ď), the rest of the universe can be
dubbed as a generic bath (þ) and the total Hamiltonian can be written in
the form:

Ą = Ąď(ħď) + Ąþ(ħþ) + Ąą(ħď , ħþ) (1.18)
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6: Ąď(ħď)|ėð = āė |ėð
Ąþ(ħþ)|
ð = ā
 |
ð

where ħď and ħþ are the degrees of freedom of the system and bath,
respectively, and Ąą defines the system-bath interaction. A convenient
basis set to represent the whole problem is the direct product between
the eigenstates of Ąď and Ąþ (indicated with latin and greek letters,
respectively).6 Since the interest is in the system, only system observables
(i. e., only depending on the system degrees of freedom) are addressed.
The expectation value of the general system observable ý̂(ħď) is:

ïý̂(ħď)ð = ĐĨ{�ý̂(ħď)} =
∑
ė,Ę

∑

,�

ïė
 |�|Ę�ðïĘ� |ý̂(ħď)|ė
ð

=
∑
ė,Ę

∑

,�

ïė
 |�|Ę�ðïĘ |ý̂(ħď)|ėðï� |
ð

=
∑
ė,Ę

∑



ïė
 |�|Ę
ðïĘ |ý̂(ħď)|ėð

(1.19)

where the orthonormality of the bath eigenstates, ï� |
ð = �
,� , has been
used. The reduced density matrix element ėĘ is now defined as:

�ėĘ =
∑



ïė
 |�|Ę
ð = ĐĨþïė |�|Ęð (1.20)

where ĐĨþ is the partial trace over the bath degrees of freedom. Eq. 1.19
therefore yields:

ïý̂(ħď)ð =
∑
ė,Ę

∑



ïė
 |�|Ę
ðïĘ |ý̂(ħď)|ėð =
∑
ė,Ę

�ėĘýĘė(ħď) = ĐĨ{�ý̂(ħď)}.

(1.21)
Given the definition in eq 1.20, the reduced density matrix maintains the
same properties as the total matrix � exposed in the previous section
and most importantly it maintains the dimension of the system, but yet
due to the trace over the bath degrees of freedom it contains information
about the interaction with the bath.

It is worth to point out that the definition of the reduced density matrix
does not depend on either the strength of the system-bath interaction or
on its nature. As long as the total Hamiltonian can be written in the form
of eq. 1.18 and the observables of interest only depend on the system
degrees of freedom, the picture holds true. The definition of the boundary
between the system and the bath is completely arbitrary. In the most
intuitive scenario the system is a molecule or a group of molecules and
the bath the surrounding environment, but one might also be interested
for example in just selected degrees of freedom of a molecule, like e. g.
its electronic degrees of freedom, plugging into the bath the molecular
vibrations.

1.1.3 Dissipative dynamics of an open quantum system:

Redfield master equation

The Liouville equation (eq. 1.15) governs the time evolution of a closed
system and for the Hamiltonian in eq. 1.18 it can be written as:

%�(Ī)
%Ī

= − ğ

ℏ
(Lď +Lþ +Lą) �(Ī) (1.22)
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where the Liouville superoperator Lhas been partitioned in the three
contributions of the Hamiltonian in eq. 1.18. Eq. 1.22 can be manipulated
to obtain the equation of motion for the reduced density matrix of the
system. To this end, a superoperator P is defined that projects the total
density matrix � on the states of the system, giving a direct product of
the system reduced density matrix and the thermalized equilibrium bath
reduced density matrix �

ěħ

þ
:

P� = �
ěħ

þ
¹ ĐĨþ{�} = �

ěħ

þ
¹ �. (1.23)

Along with the complementary superoperator Q = 1 − P, P is used
to derive out of eq. 1.22 the time evolution of P� and hence of �. The
following exact generalized master equation (also known as the Nakajima-
Zwanzig equation [73]) is obtained:

%�(Ī)
%Ī

= − ğ

ℏ
LS�(Ī) +

(
ğ

ℏ

)2 + Ī

0

Ě�G(�)�(Ī − �) (1.24)

where the first term of the right-hand side describes the Liouville-von
Neumann time evolution for the system and all the effects due to the
interaction with the bath fall in the second term, with the so-called
friction kernel G(�) reading:

G(�) = ĐĨþ{Lą ě
�Q( Lď+Lþ+Lą )QLą�

ěħ

þ
}. (1.25)

Eq. 1.24 is exact and essentially as hard to solve as the Liouville equation
for the total operator � since the complete dynamics of the bath is still
included. Therefore, approximations are introduced to make the problem
treatable. In particular:

▶ the system-bath coupling Lą is neglected in eq. 1.25 (Born approxi-
mation). In this way only second order terms in the system-bath
coupling Ąą are kept. Clearly this approximation is valid only when
the system-bath coupling is weak;

▶ �(Ī − �) is replaced by �(Ī), assuming that G(�) decays faster
compared to the evolution of �(Ī) (Markov approximation);

▶ the upper limit of the integral in eq. 1.24 is extended to infinity,
assuming a fast decay of the integrand (i. e. a short bath correlation
time). This means that the bath is considered to be always at the
equilibrium and the relaxation tensor become time independent
(stationary relaxation tensor approximation).

The integral in eq. 1.24 depends now only on � and can be evaluated
independently of the state of the subsystem �(Ī) to give the Redfield
master equation:

%�(Ī)
%Ī

= − ğ

ℏ
Lď�(Ī) +R�(Ī) (1.26)

where the Redfield relaxation tensor R contains all the information about
the influence of the bath on the system. The time evolution of the matrix
elements of �, expanded on the basis of the eigenstates of the system Ąď ,
is given by the set of coupled linear differential equations:[23, 54–56, 74,
75]

%

%Ī
�ėĘ(Ī) = −ğ$ėĘ�ėĘ(Ī) +

∑
ę,Ě

RėĘ,ęĚ�ęĚ(Ī) (1.27)
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where $ėĘ =
āė−āĘ

ℏ
and the terms of the Redfield tensor RėĘ,ęĚ can be

arranged as:

RėĘ,ęĚ = −�Ě,Ę
∑
ě

�
+
ėě ,ěę − �ė,ę

∑
ě

�
−
Ěě,ěĘ + �

+
ĚĘ,ėę + �

−
ĚĘ,ėę (1.28)

where the Fourier-Laplace transforms of correlation functions of the
system-bath coupling operator matrix elements (also known as the kinetic

coefficients) are introduced:

�
+
ĚĘ,ėę =

1

ℏ2

+ ∞

0

Ě�ě−ğ$ėę�ïĄ ą
ĚĘ(�)Ą ą

ėę(0)ðĘ (1.29)

�
−
ĚĘ,ėę =

1

ℏ2

+ ∞

0

Ě�ě−ğ$ĚĘ�ïĄ ą
ĚĘ(0)Ą ą

ėę(�)ðĘ (1.30)

where Ą ą
ğ Ġ

is the ğ Ġ matrix element of the interaction Hamiltonian Ą̂ą . The
angle brackets ï·ðĘ indicate the average over the equilibrium bath state
and

Ą ą
ğ Ġ(�) = ě

ğ
ℏ
Ą̂þ�Ą̂ ą

ğ Ġě
− ğ

ℏ
Ą̂þ� , (1.31)

Ą̂þ being the bath Hamiltonian.

The form of the tensor RėĘ,ęĚ offers a neat interpretation of the different
components of the dynamics:Rėė,ęę terms describe a population transfers
among the system states ė and ę, RėĘ,ėĘ decoherence phenomena, Rėė,ęĚ

and RėĘ,ęę population to coherence and coherence to population transfer,
respectively, and RėĘ,ęĚ coherence to coherence transfer.

Since the dimension of the Redfield tensor grows with the fourth power of
the dimension of the system, accounting for all the RėĘ,ęĚ terms becomes
quickly computationally very expensive. A series of approximations can
be done in this respect, only accounting for the RėĘ,ęĚ terms that are most
relevant in the dynamics. In the pseudo non-secular approximation[76]
only the terms with |$ėĘ − $ęĚ | f 
 are accounted for, 
 being a fixed
threshold. The more stringent secular approximation only accounts for
the resonant terms, i. e. terms with |$ėĘ −$ęĚ | = 0. If also these resonant
terms are neglected the Bloch approximation is recovered, leading to a
completely uncoupled evolution of populations and coherences:

%

%Ī
�ėė(Ī) =

∑
ę

Rėė,ęę�ęę(Ī) (1.32)

%

%Ī
�ėĘ(Ī) = −ğ$ėĘ�ėĘ(Ī) +RėĘ,ėĘ�ėĘ(Ī). (1.33)

Finally, it is important to underline that, even if the reduced density
matrix approach allows to account for the interaction with the surround-
ings without the need of an explicit treatment of the environmental
degrees of freedom, nevertheless the bath and system-bath interaction
Hamiltonians have to be defined and manipulated making the approach
phenomenological in nature. The bath Hamiltonian is an effective Hamil-
tonian and its definition, together with the definition of its interaction
with the system, is arbitrary. In this chapter, the process of interest is
the relaxation of a (photo)excited charge transfer chromophore and in
the next sections, after defining the system and a general form for the
bath, different possibilities for the system-bath coupling will be explored
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Figure 1.1: Structures of four selected
Āý dyes. From top to bottom:
4-(dicyanomethylene)-2-methyl-6-(4-
dimethylamino-styryl)-4H-pyran
(DCM), 4dimethylamino-4’-ntrostilbene
(DANS), 9-(diethylamino)-5H-benzo
[a]phenoxazin-5-one (Nile Red)
and �-(n-hexadecyl) quinolinium
tricyanoquinodimethanide (C16H33Q-
3CNQ).

in the spirit of defining reliable guidelines for the effective modeling
of molecular relaxation, setting the basis for the investigation of more
complex processes in the next chapters.

1.2 The system: a charge transfer dipolar

chromophore

Almost all systems investigated in this thesis belong to the large family
of charge transfer (CT) dyes. In these molecules, a �-conjugated bridge
connects electron donor (D) and electron-acceptor (A) groups in polar
(Ā−�−ý)[14–18], quadrupolar (Ā−�−ý−�−Ā or ý−�−Ā−�−ý)[18–
20] and octupolar (Ā(−� − ý)3 or ý(−� − Ā)3)[21, 22] geometries. The
low-energy physics of these dyes is governed by the charge resonance
between D and A groups. Essential state models (ESMs) are a useful tool
to comprehensively describe these molecules in a unified framework. In
ESMs, a minimal set of electronic states representing the main charge
resonating structures of the relevant system is considered. Specifically
two, three and four states are required for dipolar, quadrupolar and octu-
ploar chromophores, respectively. To fully characterize the spectroscopic
behavior of CT dyes, the model must also include molecular vibrations
to account for the geometrical relaxation that accompanies charge res-
onance.[14, 77–79] Essential state models are semiempirical in nature
and have been validated experimentally on a very large number of dyes,
succesfully describing their linear and non-linear spectral properties.[15,
79, 80] Moreover, ESMs set the basis to understand solvatochromism[15,
17, 79] of such systems and more generally to rationalize environmental
effects in molecular aggregates and crystals.[81–86]

1.2.1 Essential State Model for a DA dye

The system investigated in this chapter is a dipolar chromophore. In a
dipolar dye an electron donor (Ā) and an electron acceptor (ý) group
are connected via a �-conjugated bridge. Figure 1.1 shows the chemical
structures of a few selected Āý dyes.The molecules resonate between
the two limiting structures Ā − � − ý and Ā+ − � − ý−.[14–18] The
essential state model then accounts for two electronic states |Ċð and |Ėð,
corresponding to the neutral and zwitterionic structures, respectively.
The two states are separated by an energy gap 2İ0 and are mixed by a
matrix element −�. The electronic Hamiltonian reads:

Ą̂ěĢ =

(
0 −�
−� 2İ0

)
= −��̂ − 2İ0�̂ (1.34)

where �̂ = |ĊðïĖ | + |ĖðïĊ | and �̂ = |ĖðïĖ | are the hopping and ionicity
operators and 2İ0 and � are semiempirical parameters. The diagonaliza-
tion of the Hamiltonian gives the two eigenstates as a combination of the
basis states:

|ăð =
√

1 − �|Ċð + √
�|Ėð (1.35)

|āð = −√�|Ċð +
√

1 − �|Ėð (1.36)
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Figure 1.2: č-dependence of the diabatic
(top panel) and adiabatic (bottom panel)
energies for the two electronic states.

where � = ïă |�̂|ăð measures the degree of charge transfer in the ground
state. The � value is related to the model parameters as:

� =
1

2

©­­
«
1 − İ0√

İ2
0
+ �2

ª®®
¬
. (1.37)

Dyes with � < 0.5 have a mainly neutral ground state, while dyes with
� > 0.5 have a mainly zwitterionic ground state.
The electric dipole moment operator, necessary to calculate optical spectra
and to simulate impulsive excitations, is defined as

�̂ =

(
0 0

0 �0

)
= �0�̂ (1.38)

where all matrix elements of the dipole moment operator on the chosen
basis are neglected with respect to �0, the large dipole moment of the
zwitterionic state.[87]

A single effective vibrational coordinate č̂ is introduced to account for
electron-vibration coupling.[14, 78, 79, 88] The two electronic basis states
are assigned a harmonic potential energy curve with the same frequency
$Ĭ , but displaced minima. The total Hamiltonian reads:

Ą̂ď = −��̂ +
[
2İ0 −

√
ℏ$Ĭ�Ĭ

(
Ě̂ + Ě̂ 

)]
�̂ + ℏ$Ĭ

(
Ě̂ Ě̂ + 1

2

)
(1.39)

where the creation and destruction operators are related to the (dimen-
sionless) coordinate as č̂ = Ě̂ + Ě̂ , the standard vibrational coordinate

being č̂ĩ =

√
ℏ

2$ č̂. The vibrational relaxation energy �Ĭ measures the
energy gained in the |Ėð state upon relaxation, as sketched in figure
1.2.

To obtain the eigenstates of the complete system, the problem is treated
in a non-adiabatic approach. The Hamiltonian in eq. 1.39 is written
on the vibronic basis obtained as the direct product between the two-
dimensional electronic basis (|Ċð and |Ėð) and the eigenstates of the
harmonic oscillator in the last term of eq. 1.39. In order to make the
problem numerically tractable the vibrational basis is truncated to the
first ĉ eigenstates of the oscillator, with ĉ large enough as to ensure
convergence of relevant properties.[89, 90]. A basis state has then the form
|Ĕð|Ĥð, where Ĕ is either Ċ or Ė and Ĥ, the vibrational quantum number,
ranges from 0 to ĉ − 1. The numerical diagonalization of the resulting
Hamiltonian matrix gives the vibronic eigenstates ad eigenvalues of
the molecular system. The model for each dye has to be parametrized
against experiment (or possibly against ab initio results). Typically, model
parameters relevant to CT dyes show a limited variability, with � ∼
0.5 − 1.5 eV, İ ∼ −0.2 − 1 eV, �Ĭ ∼ 0.2 − 0.6 eV, ℏ$Ĭ ∼ 0.14 − 0.2 eV.[14–
22]
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7: As for č̂, þ̂ğ is a dimensionless coor-
dinate, the corresponding dimensional

coordinate being þ̂ĩ
ğ
=

√
ℏ

2$ğ
þ̂ğ .

1.3 Opening the system: experimenting with the

coupling to the environment

In section 1.1 the phenomenological nature of relaxation models has
been discussed. Here, after defining the bath Hamiltonian, different
possibilities for the system-bath interaction are explored and the results
are compared and discussed.

A quantum bath constituted by an infinite ensemble of quantum harmonic
oscillators is introduced:

Ą̂þ =
∑
ğ

ℏ$ğ

(
Ę̂ ğ Ę̂ğ +

1

2

)
(1.40)

where Ę̂ 
ğ

and Ę̂ğ are the creation and annihilation operators associated
with the ğ-th bath coordinate, ğ ranging from one to infinity to cover
all possible frequencies. Due to its large dimension, the bath stays
undisturbed at thermal equilibrium.

In the most straightforward way, a linear coupling is introduced between
the molecular vibrational coordinate č̂ and the bath coordinates þ̂ğ =

Ę̂ 
ğ
+ Ę̂ğ

7:

Ą̂ ĢğĤ
ą =

∑
ğ

ĝğ þ̂ğč̂ =
∑
ğ

ĝğ

(
Ę̂ ğ Ě̂ + Ę̂ğ Ě̂

 + Ę̂ ğ Ě̂
 + Ę̂ğ Ě̂

)
(1.41)

where ĝğ measures the strength of the coupling between the ğ-th bath
mode and the molecular coordinate.

This interaction Hamiltonian is sometimes simplified only accounting
for terms where a quantum is exchanged between the system and the
bath (bilinear coupling):[63, 91–95]

Ą̂ĘğĢ
ą =

∑
ğ

ĝğ

(
Ę̂ ğ Ě̂ + Ę̂ğ Ě̂

 
)
. (1.42)

This simplified interaction Hamiltonian however imposes an additional
constraint on top of energy conservation (strictly enforced by Redfield
equations): if a quantum ℏ$ğ is destroyed (created) in the bath, not
only the energy of the molecular system must increase (decrease) of the
same amount (energy conservation), but this must also occur with the
concomitant increase (decrease) of one unit in the number of molecular
vibrational quanta. This last requirement is implicitly satisfied as long
as the molecular system closely resembles a harmonic oscillator, and
in this limit it actually reduces to the so-called rotating wave approxi-
mation (RWA).[44] However, in strongly anharmonic and/or strongly
non-adiabatic systems the two Hamiltonians in eqs. 1.41 and 1.42 are
different and the bilinear coupling might kill some important relaxation
channels. While not strictly appropriate,[13, 96] the bilinear coupling
Hamiltonian in eq. 1.42 is sometimes generally referred to as RWA.

In either eqs. 1.41 and 1.42, the strength of the system-bath interaction is
defined by the coupling constants ĝğ . Since the frequencies of the bath
oscillators $ğ are spread all over the frequency axis, it is usual to define
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the coupling strength in terms of a spectral density function:

I($) =
∑
ğ

|ĝğ |2�($ − $ğ). (1.43)

In the model presented in section 1.2, the most strongly coupled vi-
brational modes are explicitly introduced in the system, therefore the
bath only describes weakly coupled vibrational modes as well as the
interaction with a generic environment like a non-polar solvent (polar
solvation is strongly coupled to electrons in DA dyes and will be ad-
dressed in chapter 2). In these conditions, a generic smooth form of the
spectral density is acceptable.[97] In the simplest case, the same coupling
strength is imposed to all bath coordinates, setting the spectral density
to a constant:[91, 93–95]

I($) = ℏ2

�
�. (1.44)

Other shapes for the spectral density are possible. A commonly adopted
form is the so called Debye spectral density:[98]

I($) = ℏ2

�

$/$ę

1 + $2/$2
ę

� (1.45)

where � is a dimesionless parameter that measures the strength of the
system-bath coupling and $ę is the cut-off frequency. In the following,
results obtained adopting a linear and bilinear coupling are compared
(eqs. 1.41 and 1.42 respectively), together with the effects of a constant vs.
a Debye spectral density.

Once the system-bath interaction is defined in terms of Ą̂ą and spectral
density, closed expressions for the kinetic coefficients�+

ĚĘ,ėę
and�−

ĚĘ,ėę
(eqs.

1.29 and 1.30) and hence for the Redfield tensor (eq. 1.28) can be derived.
Assuming a linear system-bath coupling (eq. 1.41) and remembering eq.
1.31, the correlation function in eq. 1.29 gives:

ïĄ ą
ĚĘ(�)Ą ą

ėę(0)ðĘ =
〈∑

ğ

ĝğħĚĘě
ğ
ℏ
Ąþ�þ̂ğě

− ğ
ℏ
Ąþ�

∑
Ġ

ĝ∗Ġ ħėę þ̂ Ġ

〉
Ę

= ħĚĘħėę
∑
ğ Ġ

ĝğ ĝ
∗
Ġ

〈
ě

ğ
ℏ
Ąþ�

(
Ę̂ ğ + Ę̂ğ

)
ě−

ğ
ℏ
Ąþ�

(
Ę̂ Ġ + Ę̂ Ġ

)〉
Ę

= ħĚĘħėę
∑
ğ Ġ

ĝğ ĝ
∗
Ġ

〈
ě

ğ
ℏ
Ąþ�Ę̂ ğ ě

− ğ
ℏ
Ąþ�Ę̂ Ġ + ě

ğ
ℏ
Ąþ�Ę̂ ğ ě

− ğ
ℏ
Ąþ�Ę̂ Ġ

+ě ğ
ℏ
Ąþ�Ę̂ğě

− ğ
ℏ
Ąþ�Ę̂ Ġ + ě

ğ
ℏ
Ąþ�Ę̂ğě

− ğ
ℏ
Ąþ�Ę̂ Ġ

〉
Ę

(1.46)

where ħĚĘ(ėę) are the matrix elements of the operator č̂. Terms that create
(annihilate) two vibraional excitations (i. e. terms containing Ę̂ Ę̂ and Ę̂Ę̂)
vanish when tracing over the bath states and can therefore be neglected,
together with all the terms where Ę̂ and Ę̂ operate on different oscillators.
The double sum over ğ and Ġ hence reduces to a single sum and the
correlation function can be written as:

ïĄ ą
ĚĘ(�)Ą ą

ėę(0)ðĘ = ħĚĘħėę
∑
ğ

|ĝğ |2ïĘ̂ ğ (�)Ę̂ğðĘ + ħĚĘħėę
∑
ğ

|ĝğ |2ïĘ̂ğ(�)Ę̂ ğ ðĘ .
(1.47)
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The trace over the bath equilibrium state gives:

ïĘ̂ ğ (�)Ę̂ğðĘ = ě ğ$ğ�ïĤ̂ğðĘ = ě ğ$ğ�Ĥ($ğ) (1.48)

ïĘ̂ğ(�)Ę̂ ğ ðĘ = ě−ğ$ğ� [ïĤ̂ğðĘ + 1] = ě−ğ$ğ� [Ĥ($ğ) + 1] (1.49)

where Ĥ̂ğ is the bosonic number operator associated to the ğ-th bath
mode, Ĥ̂ğ = Ę̂ 

ğ
Ę̂ğ , that in the last step is substituted with the Bose-

Einstein distribution function Ĥ($ğ) =
(
ě

ℏ$ğ
ġĐ − 1

)−1

, accounting for ther-

mal equilibrium. Considering eqs. 1.48 and 1.49 and introducing the form
I($) = ∑

ğ |ĝğ |2�($ − $ğ) for the spectral density, eq. 1.47 become:

ïĄ ą
ĚĘ(�)Ą ą

ėę(0)ðĘ =ħĚĘħėę
+ ∞

0

Ě$I($)ě ğ$�Ĥ($)

+ ħĚĘħėę

+ ∞

0

Ě$I($)ě−ğ$� [Ĥ($) + 1]
(1.50)

Finally, the kinetic coefficient �+
ĚĘ,ėę

is evaluated plugging eq. 1.50 in eq.
1.29:

�
+
ĚĘ,ėę =

ħĚĘħėę

ℏ2

+ ∞

0

Ě�ě−ğ$ėę�

+ ∞

0

Ě$I($)ě ğ$�Ĥ($)

+ ħĚĘħėę

ℏ2

+ ∞

0

Ě�ě−ğ$ėę�

+ ∞

0

Ě$I($)ě−ğ$� [Ĥ($) + 1]
(1.51)

�
+
ĚĘ,ėę =

ħĚĘħėę

ℏ2

+ ∞

0

Ě$I($)Ĥ($)
+ ∞

0

Ě�ě−ğ($ėę−$)�

+ ħĚĘħėę

ℏ2

+ ∞

0

Ě$I($) [Ĥ($) + 1]
+ ∞

0

Ě�ě−ğ($−$ęė )�
(1.52)

�
+
ĚĘ,ėę =

ħĚĘħėę

ℏ2

+ ∞

0

Ě$I($)Ĥ($)
[
��($ėę − $) − ğ

$ėę − $

]

+ ħĚĘħėę

ℏ2

+ ∞

0

Ě$I($) [Ĥ($) + 1]
[
��($ − $ęė) −

ğ

$ − $ęė

]
(1.53)

where �($ėę − $) and �($ − $ęė) ensures the conservation of energy,
imposing the resonance between the bath and system frequencies. The
imaginary part of eq. 1.53 is neglected yielding:[63]

�
+
ĚĘ,ėę =

ħĚĘħėę

ℏ2
�I($ėę)Ĥ($ėę) +

ħĚĘħėę

ℏ2
�I($ęė) [Ĥ($ęė) + 1] (1.54)

Since the integrals span positive frequencies, eq. 4.26 (and all analogous
expressions in the following) has to be read as:

�
+
ĚĘ,ėę =

ħĚĘħėę

ℏ2
�I($ėę)Ĥ($ėę) for �ė > �ę (1.55)

�
+
ĚĘ,ėę =

ħĚĘħėę

ℏ2
�I($ęė) [Ĥ($ęė) + 1] for �ė < �ę (1.56)

and for �ė = �ę , �+ĚĘ,ėę vanishes as the spectral density is imposed to
vanish at $ = 0 (I(0) = 0).

The same derivation applied to �−
ĚĘ,ėę

(eq. 1.30) leads to:

�
−
ĚĘ,ėę =

ħĚĘħėę

ℏ2
�I($ĘĚ)Ĥ($ĘĚ) +

ħĚĘħėę

ℏ2
�I($ĚĘ) [Ĥ($ĚĘ) + 1] . (1.57)
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İ0 −� � ℏ$

DCM 1.14 0.88 0.456 0.172

Table 1.1: Molecular model parameters
for DCM (all quantities in eV).
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Figure 1.3: Dynamics of the closed sys-
tem: time evolution of ïč̂ð (left panel)
and the energy of the system (right
panel).

Along similar lines, the bilinear interaction Hamiltonian (eq. 1.42) leads
to:

�
+
ĚĘ,ėę =

ĚĚĘĚ
 
ėę

ℏ2
�I($ėę)Ĥ($ėę) +

Ě 
ĚĘ
Ěėę

ℏ2
�I($ęė) [Ĥ($ęė) + 1] (1.58)

�
−
ĚĘ,ėę =

ĚĚĘĚ
 
ėę

ℏ2
�I($ĘĚ)Ĥ($ĘĚ) +

Ě 
ĚĘ
Ěėę

ℏ2
�I($ĚĘ) [Ĥ($ĚĘ) + 1] . (1.59)

1.3.1 Linear vs. bilinear coupling

Once the kinetic coefficients entering the relaxation tensor Rare obtained,
the Redfield equation (eq. 1.27) can be solved. The eigenstates of the
molecular Hamiltonian Ą̂ď (eq. 1.39) are adopted as the basis set for the
dynamics and the Short Iterative Arnoldi (SIA) algorithm[24, 99] with
1 fs time integration step is used to propagate in time the equations of
motion. Temperature is set to 298 K. The initial state is prepared as to
simulate a coherent (i. e. impulsive) vertical excitation from the ground
state. Since the frequency of the molecular vibration is larger than the
thermal energy, only the lowest molecular eigenstate |)1ð is appreciably
populated before excitation and the coherent state is prepared as:[78]

|«∗(Ī = 0)ð ∝
Ċ∑
ġ=2

|)ġðï)ġ |�̂|)1ð (1.60)

where |ġð runs over the non-adiabatic molecular eigenstates. The cor-
responding density matrix is �(0) = |«∗ðï«∗ |. In the following, unless
differently specified, results for 4-(dicyanomethylene)-2-methyl-6-(4-
dimethylamino-styryl)-4H-pyran (DCM, structure in figure 1.1) are shown.
The relevant model was already parametrized (parameters in table 1.1)
and validated against experiment.[15, 79]

As long as the molecule is treated as a closed system (i. e. when the
Liouville-von Neumann equation is solved for the system Hamiltonian
Ą̂ď without any interaction with the surrounding environment) the time
evolution of the coherent excited state is trivial: energy is conserved and
the expectation value of č̂ coherently oscillates in time with constant
amplitude[78], as shown in fig. 1.3.

The interaction with the bath allows for the molecule to dissipate energy
and thus to relax towards the ground state. Fig. 1.4 summarizes the
relaxation dynamics calculated adopting the linear system-bath coupling
(eq. 1.41) and a constant spectral density (eq. 1.44) with �=5 ps−1. Even if
the system-bath coupling is described in terms of the single parameter
�, the resulting dynamics clearly shows two different regimes. At first,
the system relaxes from the initial coherent excited state to the lowest
vibrational level of the electronic excited manifold (hereinafter, the Kasha
state) with a characteristic time of ∼ 100 fs (first energy drop in panel
a). The motion on č̂ is initially coherent (panel b) but as the population
is transferred from higher vibronically excited states to the Kasha state
(eigenstate 16 here, panel c) coherence drops to zero (panel d) and the
oscillations on č̂ are completely lost. Subsequently, a much slower and
incoherent dynamics enters into play, bringing the system to the ground
state with a characteristic time of 1.9 ns. During this incoherent relaxation
the purity of the system drops down to ∼ 0.5 and is then completely
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Figure 1.4: Relaxation dynamics of coher-
ently excited DCM with linear system
bath coupling and constant spectral den-
sity (� = 5 ps−1). Time evolution of the
energy of the system (a), ïč̂ð (b), popu-
lations of the most relevant eigenstates
(c) and coherence and purity (d).
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Figure 1.5: Relaxation dynamics of co-
herently excited DCM with linear system
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sity (� = 5 ps−1). Evolution of the system
energy as a function of ïč̂ð. Adiabatic
potential energy curves for the excited
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Figure 1.6: Energy decays obtained with
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1.4 panel a) and bilinear (dashed line)
system-bath coupling. Constant spectral
density is used.

regained when all the population is finally transferred back to the ground
state (panels c and d). In addition to the calculated molecular trajectory,
figure 1.5 shows the adiabatic potential energy curves for the excited and
the ground state obtained by the adiabatic diagonalization of the 2x2
Hamiltonian in eq. 1.39 for different č values. Although the dynamics is
calculated in a non-adiabatic picture, the results are perfectly consistent
with the adiabatic potential energy curves: in the first fast relaxation
the system coherently explores the excited state curve and reaches its
minimum (also accounting for the zero point energy), then it slowly starts
its incoherent run towards the ground state minimum.

The results are fully in line with the Kasha rule of optical spectroscopy
that states that, in most cases, the vibrational relaxation is much faster
than typical fluorescence lifetimes (1-10 ns), so that fluorescence always
occurs from the vibrationally cold excited state (precisely, the Kasha state).
The specific value adopted for � was selected as to reproduce typical
vibrational relaxation rates in excited molecular states (∼ 100 fs[100]) and
the subsequent relaxation towards the ground state turns out naturally
in the relevant regime (few nanoseconds). It is impressive that the very
simple model adopted here is able to account for the two very different
timescales, even if a constant spectral density is considered.

Figure 1.6 compares the energy decays obtained with linear (same as in
fig. 1.4, panel a) and bilinear (eq. 1.42) system-bath coupling (the same
constant spectral density as in fig 1.4 is used). An exponential fit of the
first vibrational relaxation gives identical relaxation times (100 and 105 fs)
for the two models: indeed this relaxation involves states that resemble,
to a good approximation, the eigenstates of a harmonic oscillator. In this
case, as discussed above, the relaxation channels that are suppressed by
the bilinear coupling are not effective and the two models give basically
the same results. On the other hand, the subsequent relaxation towards
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evolution of the system energy calculated
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the ground state involves states that belong to two different electronic
manifolds and are non-adiabatically coupled. In these conditions, the
terms killed by the bilinear coupling do operate and the relaxation time
of 0.04 ns obtained with the bilinear approximation is two orders of
magnitude smaller than the relaxation time of 1.9 ns obtained with
the full linear coupling. Quite interestingly, the presence of additional
relaxation channels in the complete model leads to a slower relaxation
rate, suggesting that the channels neglected by the bilinear coupling are
more effective in the back transfer of energy from the bath to the system
than the other way around.

1.3.2 The spectral density

The assumption of a constant spectral density demonstrates very clearly
that the two relaxation regimes found for the vibrational and electronic
relaxation are intrinsic to the model and do not rely on the specific
shape of the spectral density. However, a well-behaved spectral density
should vanish both at low and high frequencies. The Debye spectral
density in eq. 1.45 is a simple and common choice complying with the
two requirements. To make meaningful comparisons, we consider three
different values of the cut-off frequency, ℏ$ę= 0.25, 0.5 and 0.75 eV and
adjust the � parameter as to have the same value for the spectral density
at the frequency of the molecular vibration. The four different spectral
densities (including the constant one) are shown in the bottom panel
of figure 1.7. Energy decays obtained with the four different spectral
densities and adopting the linear and bilinear system-bath coupling
are reported in the top panels. Having selected the spectral densities
in such a way that the coupling strength is the same at the molecular
vibrational frequency (∼ 0.172 eV), it is not surprising that the first
vibrational relaxation is basically unaffected by the specific choice of the
spectral density. On the other hand, the rate of the subsequent electronic
relaxation increases with the strength of the system-bath coupling at the
frequencies of the electronic excitation (∼ 2.5 eV). The same result on
different timescales holds true for both linear and bilinear coupling.

The observation of two distinctively different timescales for the vibrational
and electronic relaxations is a robust result that survives the bilinear
approximation as well as the different choices of spectral densities.
However, unless a specific form of the spectral density can be extracted
from independent calculations, the absolute relaxation times evaluated
with the Redfield model are arbitrary and their magnitude depend
quite unavoidably on the details of the adopted model. Nevertheless,
the relative ratio among rates of different processes treated in the same
framework is a significant outcome of the approach.
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1.4 Increasing the complexity of the molecular

model: multimode dynamics

Accounting for a single coupled vibrational mode is a clear simplification
of a general model where, for asymmetric molecules like DCM, 3Ċ − 6

modes are in principle coupled to the electronic system (where Ċ is
the number of atoms). Indeed, the number of modes having a sizable
coupling to the electronic degrees of freedom is in general much smaller,
corresponding to a few units, as it turns out from the analysis of Raman
spectra and of vibrational solvatochromism.[101–103] In any case, the
coupled coordinate described so far does not correspond to a specific
molecular vibration, but defines a sort of reaction coordinate along which
the dye readjusts its geometry following excitation. The vibrational
relaxation energy associated with this effective coordinate is the overall
molecular relaxation energy, while the vibrational frequency (typically
in the 1200-1500 cm−1 range) can be fixed to best reproduce the vibronic
structure of electronic spectra. The approach works well in different
contexts, but a more detailed picture is needed to address vibrational
spectra.[103]

When two or more vibrational modes are explicitly introduced in the
molecular Hamiltonian, the way to define the system-bath coupling and
the effects that the chosen model has on the dynamics are neither unique
nor trivial. The two different relaxation regimes with their characteris-
tic features and timescales are a significant result and a fundamental
benchmark in this context.

The multimode molecular Hamiltonian is an extension of the molecular
Hamiltonian in Eq. 1.39:

Ą̂ď,ģ = −��̂ +
[
2İ0 −

ģ∑

=1

√
ℏ$
�


(
Ě̂ 
 + Ě̂


)]
�̂

+
ģ∑

=1

ℏ$


(
Ě̂ 
 Ě̂
 + 1

2

)
(1.61)

where ģ is the number of coupled modes (up to 3 in the following) and
Ě̂ 
 (Ě̂
) is the creation (annihilation) operator for the 
-th vibrational
mode with frequency $
 and relaxation energy �
. The total relaxation
energy (�Ĭ in eq 1.39) is distributed over the coupled modes (

∑

 �
 = �Ĭ)

and the vibrational frequencies are chosen so that
∑


 ℏ$
 = ģℏ$Ĭ . The
Hamiltonian is written and diagonalized on the vibronic space product
of the two electronic states times the eigenstates of the ģ harmonic
oscillators, truncating the vibrational states at a total maximum of ĉ
vibrational quanta.

When more than a single coordinate is present, there are two conceptually
different possibilities. All coordinates can be (linearly) coupled to the
same bath:

Ą̂
(ė)
ą ,ĢğĤ

=
∑
ğ

ĝğ þ̂ğ

∑



č̂
 (1.62)

or each coordinate can be coupled to an independent bath:[104, 105]

Ą̂
(Ę)
ą ,ĢğĤ

=
∑
ğ ,


ĝğ þ̂ğ ,
č̂
 . (1.63)



24 1 Relaxation dynamics for a single molecule

8: In this case the system-bath interac-
tion Hamiltonian reads:

Ą̂
(ė)
ą ,ĢğĤ

=
∑
ğ

ĝğ þ̂ğ ,1č̂1 +
∑
Ġ

ĜĠ þ̂Ġ ,2č̂2

with ğ and Ġ independently running on
the coordinates of the two separate baths.
In the most general case, two spectral
densities (one for each molecular coordi-
nate) are defined as:

I1($) =
∑
ğ

|ĝğ |2�($ − $ğ)

I2($) =
∑
Ġ

| ĜĠ |2�($ − $Ġ).

9: Here

Ą̂
(Ę)
ą ,ĢğĤ

=
∑
ğ

þ̂ğ

(
ĝğč̂1 + Ĝğč̂2

)
.

Two additional spectral density functions
have to be defined as:

I12($) =
∑
ğ

ĝğ Ĝ
∗
ğ �($ − $ğ)

I21($) =
∑
ğ

ĝ∗ğ Ĝğ�($ − $ğ)

and since ĝ and Ĝ are real and positive
for every bath oscillator, then

I12($) = I21($) =
√
I1($)I2($).

For the sake of simplicity, in both equations ĝğ is set independent of 
,
meaning that all the coordinates are coupled to the bath(s) with the same
spectral density. In the last equation, þ̂ğ acquires an 
 index to clarify that
each 
 coordinate is coupled to its own bath, independently from other
coordinates. The two options, each coordinate coupled to a different or
to the same bath, are not equivalent and lead to qualitatively different
results. Indeed, coupling all coordinates to the same bath (eq. 1.62)
amounts to impose that, in their interaction with the bath, all coordinates
move coherently in phase or, in other terms, amounts to impose that
the single effective coordinate

∑

 č̂
, linear combination of all coupled

coordinates, is actually coupled to the bath. If the bilinear coupling is
adopted, the two Hamiltonians in eq. 1.62 and 1.63 become:

Ą̂
(ė)
ą ,ĘğĢ

=
∑
ğ

ĝğ

(
Ę̂ ğ

∑



Ě̂
 + Ę̂ğ
∑



Ě̂ 


)
(1.64)

Ą̂
(Ę)
ą ,ĘğĢ

=
∑
ğ ,


ĝğ

(
Ę̂ ğ ,
 Ě̂
 + Ę̂ğ ,
 Ě̂

 



)
. (1.65)

Once defined the interaction Hamiltonian, explicit expressions for the
kinetic coefficients �

+/−
ĚĘ,ėę

are derived and used to build the Redfield

relaxation tensor. For a system with two vibrational coordinates (č̂1 =

Ě̂ 
1
+ Ě̂1 and č̂2 = Ě̂ 

2
+ Ě̂2) linearly coupled to two independent baths8,

the same derivation shown in sec. 1.3 leads to:

�
+
ĚĘ,ėę =

�

ℏ2
ħ1
ĚĘħ

1
ėę [I1($ėę)Ĥ($ėę) + I1($ęė) [Ĥ($ęė) + 1]]

+ �

ℏ2
ħ2
ĚĘħ

2
ėę [I2($ėę)Ĥ($ėę) + I2($ęė) [Ĥ($ęė) + 1]]

(1.66)

�
−
ĚĘ,ėę =

�

ℏ2
ħ1
ĚĘħ

1
ėę [I1($ĘĚ)Ĥ($ĘĚ) + I1($ĚĘ) [Ĥ($ĚĘ) + 1]]

+ �

ℏ2
ħ2
ĚĘħ

2
ėę [I2($ĘĚ)Ĥ($ĘĚ) + I2($ĚĘ) [Ĥ($ĚĘ) + 1]]

(1.67)

where the same Bose-Einstein distribution is used for the two baths since
it depends only on the temperature, which of course is the same.
When the two coordinates are linearly coupled to the same bath9, expres-
sions for �+

ĚĘ,ėę
and �−

ĚĘ,ėę
read:

�
+
ĚĘ,ėę =

�

ℏ2
ħ1
ĚĘħ

1
ėę [I1($ėę)Ĥ($ėę) + I1($ęė) [Ĥ($ęė) + 1]]

+ �

ℏ2
ħ2
ĚĘħ

2
ėę [I2($ėę)Ĥ($ėę) + I2($ęė) [Ĥ($ęė) + 1]]

+ �

ℏ2
ħ1
ĚĘħ

2
ėę [I12($ėę)Ĥ($ėę) + I12($ęė) [Ĥ($ęė) + 1]]

+ �

ℏ2
ħ2
ĚĘħ

1
ėę [I12($ėę)Ĥ($ėę) + I12($ęė) [Ĥ($ęė) + 1]]

(1.68)

�
−
ĚĘ,ėę =

�

ℏ2
ħ1
ĚĘħ

1
ėę [I1($ĘĚ)Ĥ($ĘĚ) + I1($ĚĘ) [Ĥ($ĚĘ) + 1]]

+ �

ℏ2
ħ2
ĚĘħ

2
ėę [I2($ĘĚ)Ĥ($ĘĚ) + I2($ĚĘ) [Ĥ($ĚĘ) + 1]]

+ �

ℏ2
ħ1
ĚĘħ

2
ėę [I12($ĘĚ)Ĥ($ĘĚ) + I12($ĚĘ) [Ĥ($ĚĘ) + 1]]

+ �

ℏ2
ħ2
ĚĘħ

1
ėę [I12($ĘĚ)Ĥ($ĘĚ) + I12($ĚĘ) [Ĥ($ĚĘ) + 1]] .

(1.69)

Noticeably, eqs. 1.66 and 1.67 contain only terms in which matrix elements
of either č̂1 or č̂2 are present, while in eqs. 1.68 and 1.69 products of
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Figure 1.8: Relaxation dynamics of DCM
calculated accounting for two coupled vi-
brational modes, each mode being inde-
pendently coupled to a dissipative bath
(coupling model in eq. 1.63). The black
dotted lines show results obtained for a
single coupled mode (same as in Fig. 1.4).
(a) Time-evolution of the system energy.
(b) Time evolution of č1 and č2 (light
and dark blue lines, respectively).(c) Sys-
tem energy plotted against the coordi-
nates. Bottom panel: same quantities ad
in panel c displayed in 3D. The curve re-
ports the system non-adiabatic trajectory,
the surface, shown only for reference pur-
poses, corresponds to the 2D adiabatic
potential energy surface of the excited
state.

matrix elements of č̂1 and č̂2 also appear, imposing a constraint in the
motion on the two coordinates. Analogous expressions are found for
the bilinear coupling Hamiltonians in eqs. 1.64 and 1.65. When each
coordinate is coupled to an independent bath, they read:

�
+
ĚĘ,ėę =

�

ℏ2

[
Ě1
ĚĘĚ

1 
ėęI1($ėę)Ĥ($ėę) + Ě1 

ĚĘĚ
1
ėęI1($ęė) [Ĥ($ęė) + 1]

+ Ě2
ĚĘĚ

2 
ėęI2($ėę)Ĥ($ėę) + Ě2 

ĚĘĚ
2
ėęI2($ęė) [Ĥ($ęė) + 1]

] (1.70)

�
−
ĚĘ,ėę =

�

ℏ2

[
Ě1
ĚĘĚ

1 
ėęI1($ĘĚ)Ĥ($ĘĚ) + Ě1 

ĚĘĚ
1
ėęI1($ĚĘ) [Ĥ($ĚĘ) + 1]

+ Ě2
ĚĘĚ

2 
ėęI2($ĘĚ)Ĥ($ĘĚ) + Ě2 

ĚĘĚ
2
ėęI2($ĚĘ) [Ĥ($ĚĘ) + 1]

] (1.71)

whereas, when both coordinates are coupled to the same bath:

�
+
ĚĘ,ėę =

�

ℏ2

[
Ě1
ĚĘĚ

1 
ėęI1($ėę)Ĥ($ėę) + Ě1 

ĚĘĚ
1
ėęI1($ęė) [Ĥ($ęė) + 1]

+ Ě2
ĚĘĚ

2 
ėęI2($ėę)Ĥ($ėę) + Ě2 

ĚĘĚ
2
ėęI2($ęė) [Ĥ($ęė) + 1]
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ĚĘĚ
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ėęI12($ėę)Ĥ($ėę) + Ě1 
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2
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ĚĘĚ
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]
(1.72)
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ĚĘĚ
1
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ėęI2($ĘĚ)Ĥ($ĘĚ) + Ě2 
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ĚĘĚ
2
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ėęI12($ĘĚ)Ĥ($ĘĚ) + Ě2 

ĚĘĚ
1
ėęI12($ĚĘ) [Ĥ($ĚĘ) + 1]

]
.

(1.73)

Extension to the case with three vibrational modes is straightforward,
explicit expressions for the �

+/−
ĚĘ,ėę

coefficients are reported in appendix
A.

The dimension of the non-adiabatic problem increases very fast with the
number of vibrational modes, reaching the order of ∼ 102 and ∼ 103 for
two and three explicit coordinates, respectively. Performing a full Redfield
dynamics (i.e., accounting for all the RėĘ,ęĚ terms of the relaxation tensor)
over such large systems is computationally too demanding. In order
to speed up the calculation without affecting the accuracy, the basis is
truncated neglecting all states higher in energy than the most populated
states upon coherent excitation and whose initial population is lower
than a fixed value[94, 95] (here 10−6). Moreover, for the system with
two coordinates, the pseudo non-secular approximation[76] is adopted
(i.e. only RėĘ,ęĚ terms for which |$ėĘ − $ęĚ | f 
 are accounted for,
with 
 = 0.01 eV) and the secular approximation (i. e. only terms for
which |$ėĘ − $ęĚ | = 0 survive) is applied when three coordinates are
introduced.

Fig. 1.8 shows results obtained for DCM with two coupled modes linearly

coupled with two independent baths (eq. 1.63). A constant spectral density
is used (� = 5 ps−1, same spectral density for the two coordinates; other
model parameters are reported in table 1.2, the total number of vibrational
quanta is fixed to ĉ = 16). Results obtained for a single coupled mode
(same as in fig. 1.4) are also shown as a reference. A reduced amplitude of
the vibrational coherent oscillations with respect to the single mode case
signals the reduced relaxation energy associated with each mode (panels
b and c). Nevertheless, the energy relaxation is basically unaffected by the
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Table 1.2: Model parameters entering the multimode Hamiltonian 1.61 for DCM and other relevant dyes (all quantities in eV).

İ0 −� �1 ℏ$1 �2 ℏ$2 �3 ℏ$3

DCM
1 mode 1.14 0.88 0.456 0.172 - - - -
2 modes 1.14 0.88 0.195 0.154 0.261 0.19 - -
3 modes 1.14 0.88 0.12 0.146 0.152 0.17 0.184 0.2

C16H33Q-3CNQ
1 mode -0.25 0.47 0.17 0.14 - -
2 modes -0.25 0.47 0.08 0.13 0.09 0.15 - -

Nile Red
1 mode 0.88 0.95 0.33 0.14 - -
2 modes 0.88 0.95 0.15 0.135 0.18 0.145 - -

DANS
1 mode 1.32 0.72 0.3 0.17 - -
2 modes 1.32 0.72 0.12 0.15 0.18 0.19 - -

Figure 1.9: Relaxation dynamics of coher-
ently excited DCM with up to three vibra-
tional modes. Continuous and dashed
lines report results obtained with lin-
ear and bilinear system bath coupling,
respectively. In panel a each mode is cou-
ple to its own independent bath, while in
panel b all the coordinates are coupled to
the same bath. Constant spectral density
is used (� = 5 ps−1).
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Figure 1.10: Relaxation dynamics of three
DA dyes (parameters in table 1.2, struc-
tures in figure 1.1) with linear coupling
and constant spectral density. Time evo-
lution of the system energy. Dotted
lines: model with a single vibrational
mode. Continuous lines: model with
two modes coupled to two independent
baths. Dashed lines: model with two
modes coupled to the same bath.

presence of more than a single coordinate (panel a). This notable result is
however only obtained if each coordinate is coupled to an independent
bath.

Figure 1.9 compares the results obtained coupling each coordinate with its
own independent bath with the ones obtained when they are all coupled
to the same bath, also including results for three coupled coordinates
(parameters in table 1.2 and ĉ = 12). While panel a confirms that when
the relaxation on each coordinate is independent the decay rates do not
depend on the number of coupled modes explicitly accounted for, panel
b clearly shows that when they are coupled with the same bath the
relaxation rate towards the ground state increases with the number of
coupled modes with a characteristic time Ī that scales as Ī/ģ. Dashed
lines in figure 1.9 show that this result holds true also when bilinear
coupling is used.

Similar results as for DCM are obtained for other DA dyes (figure
1.10 shows results obtained with linear coupling and constant spectral
density): the separation between the two relaxation regimes proves to
be solid for this class of dyes, together with the fact that in multimode
systems each vibrational degree of freedom has to be coupled to its own
relaxation bath in order to have a reliable effective model.

It is worth mentioning that the same model discussed here was investi-
gated in a series of papers by the Domcke group in the context of ultrafast
electron transfer processes.[74, 106–108] The results obtained there for
the multimode case contrast sharply with the results shown above, with
the relaxation calculated for the multimode case being much faster than
for the case of a single coordinate. While Domcke and coworkers adopted
the bilinear coupling, it has been explicitly verified that the discrepancy
survives even when linear coupling is used and it is actually due to the
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Figure 1.11: Absorption spectra of DCM.
Top panel: dipole-dipole correlation func-
tions ÿėĘĩ

�� (Ī) damped with ė = 50 fs for
the model with one and three vibrational
modes (dark and light blue respectively).
Bottom panels: real part of the Fourier
transforms of the dipole-dipole correla-
tion function damped with ė = 50 fs (a)
and ė = 6 fs (b).
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Figure 1.12: Emission spectra at Ī′ = 1 ps
(steady state limit) of DCM. Real part of
the Fourier transforms of the relevant cor-
relation functions damped with ė = 50 fs
(a) and ė = 6 fs (b). Results for one (dark
blue) and three (light blue) coupled vi-
brational modes. Main dynamics carried
out with linear system-bath coupling and
constant spectral density (� = 5 ps−1).

different investigated regimes. In this work, the focus is on relaxation in
DA dyes, in an effort to address their spectroscopic behavior. DA dyes
are characterized by large � values (∼ 1 eV), much larger than vibrational
relaxation energies and vibrational frequencies. In these conditions, as
discussed above, vibrational and electronic relaxations occur in different
time windows. On the opposite, Domcke and coworkers were interested
in ultrafast electron transfer, occurring for strong coupling and very
poor conjugation, with � never exceeding the vibrational frequency and
typically small İ0 values. In this regime, the electronic and vibrational
relaxation concur, making the details of the vibrational coupling relevant
and defining a substantially different picture with respect to the case of
DA dyes.

1.5 Calculation of optical spectra

Among all the properties of a DA dye that can be calculated having this
dynamical model at hand, in the context of this thesis optical responses
are for sure the most interesting ones. While linear absorption might
be somehow trivial, the dynamical nature of the approach opens the
remarkable possibility to calculate time resolved emission spectra. In both
cases, molecular optical spectra can be calculated as the Fourier transform
of the time-correlation function of the dipole momentÿ��(Ī) = ï�̂(Ī)�̂(0)ð.
The correlation function is evaluated as ÿ��(Ī) = ĐĨ{�̂¬̂(Ī)}, where ¬̂(Ī)
is the so-called spectral generating function, whose time evolution obeys
the same Liouville-von Neumann equation as the density matrix.[109]

1.5.1 Absorption

Following Mukamel[109], the generating function for the absorption spec-
trum is defined at Ī = 0 as¬ėĘĩ(0) = �̂|)1ðï)1 |, where )1 is the molecular
ground state. Top panel of figure 1.11 shows the time-evolution of the
absorption dipole correlation function for DCM: since the Liouville-von
Neumann dynamics does not describe energy dissipation, the correlation
functions oscillate without damping. To avoid numerical instabilities,
spectra are then calculated as the real part of the Fourier transform of
an artificially damped correlation function, ÿ��(Ī) exp [−Ī/ė]. Of course,
the resolution of calculated spectra can be arbitrary tuned through the
parameter ė (the faster the damping, the broader the bands), and they
can be virtually infinitely resolved as the model does not account for
any source of inhomogeneous broadening. Panel a of figure 1.11 shows
that when the spectra are sufficiently resolved (ė = 50 fs) increasing the
number of coupled modes leads to more structured vibronic band, as ex-
pected, but when spectra are broader (ė = 6 fs, panel b) accounting for a
single effective coordinate is enough to obtain realistic band-structures.

1.5.2 Time-resolved emission

Time-resolved emission spectra can be calculated along similar lines. The
system is coherently excited at time 0 and then it is allowed to evolve freely
(as per eq. 1.27) up to time Ī′ (main dynamics). At this point, the density
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matrix is frozen and multiplied by the dipole moment operator to give the
initial (Ī = Ī′) generating function ¬̂ Ĝ Ģīĥ(0, Ī′) = �̂�̂(Ī′)[95]. Once again,
the time evolution of the generating function is evaluated following the
Liouville-von Neumann equation, while the time correlation function of
the dipole moment is calculated asÿ Ĝ Ģīĥ

�� (Ī−Ī′, Ī′) = ĐĨ{�̂¬̂ Ĝ Ģīĥ(Ī−Ī′, Ī′)}.
The real part of the Fourier transform in the Ī − Ī′ domain of the dipole
correlation function gives the emission spectrum at time Ī′ after coherent
excitation. Once again, the time correlation function is damped with
an exponential decay before taking the Fourier transform. When Ī′ is
sufficiently long, the time-resolved spectrum coincides with the steady-
state fluorescence spectrum: in figure 1.12 it can be seen how at Ī′ = 1 ps (i.
e. at the end of the first fast vibrational relaxation) emission comes from
the Kasha state and the fluorescence spectrum is basically the mirror
image of absorption, with the 0-0 transition in common.

Figure 1.13: Time resolved emission spec-
tra for DCM with one (left panels) and
three (right panels) vibrational modes.
Time evolution (t-t’) of the time depen-
dent (t’) emission dipole correlation func-
tion damped with ė = 50 fs (panels a and
d). Normalized real parts of the corre-
sponding Fourier transforms over the
Ī − Ī′ domain (panels b and e). Longer
time evolution of the emission spectra
broadened with ė = 6 fs (panels c and f).
Main dynamics carried out with linear
system-bath coupling and constant spec-
tral density (� = 5 ps−1).

A more intriguing scenario emerges when looking at early time emission,
as shown in figure 1.13 where (normalized) emission spectra are reported
as a function of Ī′. In left panels results for DCM with a single vibrational
mode are reported. Panel a shows the damped dipole correlation function
ÿ

Ĝ Ģīĥ
�� (Ī − Ī′, Ī′) exp [−Ī/ė] with ė = 50 fs. In panel b the real parts of the

corresponding Fourier transforms are reported. At early times emission
comes from "hot" states and the spectrum shifts to the red and to the blue
with a period of ∼ 22 fs (∼ 0.18 eV, the excited state vibrational frequency)
following the coherent motion on č (cfr. figure 1.5). With such resolved
bands (ė = 50 fs) it can be seen how the shift of the spectrum is not due
to a shift in the energy of the eigenstates, that are actually fixed, but
rather to a transfer of oscillator strength among the fixed transitions. This
oscillation in the position of the spectrum is due to the coherent nature
of the motion and it damps as coherence is progressively lost, as it can be
seen in panel c, where spectra reported in panel b are broadened (ė = 6
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fs) and shown up to longer times. At the end of the vibrational relaxation
the coherent oscillation is no longer observed and the spectrum stabilizes
at steady state emission. Right panels report the same quantities for the
system with three vibrational modes. The same features emerge, with
the difference that having now three coupled modes with three different
frequencies the overall coherent oscillation observed in the spectrum
position is less prominent.

1.6 Conclusions

The relaxation of a photoexcited molecule can only be understood con-
necting the microscopic quantum mechanical model for the molecule to
a macroscopic thermodynamic reservoir, thus entering the fascinating
world of open quantum systems. Refined quantum mechanical models
are available for isolated molecular systems, that describe the molecular
properties in great detail and whose accuracy is only limited by the
available computational capabilities. However, the coupling between the
molecule and the reservoir is more delicate. The first step is the separation
of the system from the bath variables. Often in the literature vibrational
degrees of freedom are all clamped within the bath. While useful in
several respects, these models cannot capture the vibrational dynamics,
so that they do not apply to model vibrational or vibronic spectra and,
not addressing vibrational relaxation, they do not allow to follow the
initial steps of the relaxation dynamics. Moreover, in many cases, and
specifically for the DA dyes of interest in this context, molecular vibra-
tions are strongly coupled to the electronic system and affect in a specific
way the system behavior with major effects on the molecular polarity and
(hyper)polarizability. Explicitly accounting for the few strongly coupled
vibrations via their inclusion in the system ensures for a proper treatment
of their major role. The residual coupling to the bath will then address
weakly coupled vibrational modes, as well as environmental effects and
specifically those related to non-polar solvation.

In this chapter, the relaxation dynamics of a photoexcited DA dye de-
scribed by an essential state model has been addressed exploiting the
Redfield approach to open quantum systems, with special focus on how
the details of the model (which is phenomenological in nature) affect
the relaxation pathway. In particular, linear and bilinear system-bath
coupling have been compared, together with the case of a constant and a
Debye spectral density.

The most intriguing result is that two relaxation regimes are always
observed for the molecular system: a very fast vibrational relaxation to
the Kasha state, followed by a (orders of magnitude) slower decay from
the excited electronic state towards the ground state. This solid result is
in line with the general spectroscopic rule that emission occurs from the
vibrationally relaxed excited state, since vibrationally hot states are too
short-lived with respect to radiative and non-radiative decay rates.

The bilinear system-bath coupling (often improperly referred to as the
rotating wave approximation, RWA) neglects some relaxation channels
out of all the possible channels included in the more general linear
coupling model. This approximation is only reliable as long as the system
closely resembles a harmonic oscillator (here, in the case of the vibrational
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relaxation). In strongly anharmonic systems, or when several electronic
states are non-adiabatically coupled, the relaxation channels arbitrarily
closed in the RWA do play a role and their exclusion results in a faster
decay towards the ground state. Since the two couplings require the same
computational cost, the more general linear coupling is preferred and
will be used hereinafter.

Another, possibly more delicate, issue is the choice of the spectral density.
An important task in this field would be the definition, via independent
estimates, of reliable spectral densities for molecular systems embedded
in realistic environments. Approaches of this kind are available for models
where all vibrational degrees of freedom are clamped in the bath,[110–
112] but nowadays strategies to evaluate spectral densities relevant to
models where the vibrational coordinates are coupled to the bath are not
available.

Working with multimode molecular models, an important lesson has
been learned: each molecular mode must be coupled to an independent
reservoir to prevent the unphysical coupling of the two motions due to
their interaction with a common bath. In other terms, by assuming that
several vibrational modes are coupled to the same bath, one imposes that
a specific linear combination of the molecular modes is actually coupled
to the bath, thus introducing a predefined decay pathway. Interestingly,
when the coupling is properly introduced accounting for independent
decay pathways for each coordinate, the decay dynamics is independent
of the number of coupled modes, provided that the total strength of
electron-vibration coupling is maintained constant. This is an important
result, as it allows to safely reduce the relaxation dynamics in a multimode
system to the much simpler calculation of the dynamics of a molecular
system with a single effective coordinate. However, this result only holds
true provided that all modes have a similar coupling to the electronic
system and the electronic energy gaps are much larger than typical
vibrational frequencies, as it is the case for DA dyes.

In conclusion, we have explored in detail the different approximations
introduced in a model for the relaxation of an excited CT dipolar chro-
mophore, exploiting a simple molecular model relevant to DA dyes
where only two electronic states are considered, coupled to a few effective
vibrational coordinates that, in turn, are coupled to a bath. This prelimi-
nary and fundamental study defines safe guidelines for the definition of
relaxation models. The knowledge and confidence gained in this chapter
set a firm basis to investigate more complex systems. Specifically, in
the context of this thesis, the topic of a DA dye in a polar environment
will be addressed in chapter 2 and small molecular aggregates and
multichromophoric systems for energy transfer in chapter 4.
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Organic electronics relies on molecular functional materials that are
exploited in several devices including organic light emitting devices
(OLEDs), organic photovoltaics (OPV), luminescent solar concentrators,
photodetectors etc.[1, 2] Organic-based devices are low-cost, are com-
posed of abundant elements and offer an opportunity for easy recycling,
while exploiting the enormous tunability of molecular properties by syn-
thetic approaches. The interaction between functional molecules and the
local environment, if properly mastered, offers a powerful tool to optimize
the materials the specific applications. Indeed, the unique properties of
molecules of interest for advanced applications (e. g. large absorption or
emission features in the visible-near IR regions, large non-linear optical
responses, multistability and charge transport) are related to the presence
of extended �-conjugated backbones which are responsible for the large
(hyper)polarizability of functional molecules, and hence for their large
responsivity to any perturbation due to the local environment.

Solvatochromism, the solvent dependence of spectral properties of a
dye, is the easiest demonstration of the responsivity of �-conjugated
molecules to the local environment. Solvatochromism is well understood:
the first models date back to the work of Liptay[113] and more recently
Reichardt[64] and Ratner,[114] while the Lippert-Mataga plots,[115] re-
lating the absorption and emission frequencies of a dye to the dielectric
properties of the solvent, are a well established tool to extract useful
information on the permanent dipole moment of polar molecules in the
ground and excited state. Several computational strategies have been
devised to address solvation phenomena that either rely on a continuum
dielectric model[116–119] for the solvent or on atomistic descriptions.[120]
Both strategies should be considered with care as for the electronic
component of solvation,[121, 122] yet they offer reliable approaches to
polar solvation.

Solid state solvation (SSS) is much less investigated and understood.
Its relevance to OLED was early recognized by Forrest and coworkers
who exploited the large dependence of the emission color of a dye on
the polarity of the environment to tune the color of phosphorescent
OLED[123] and to create white-OLEDs.[124] Green et al.[125] exploited
SSS in solar light concentrators, tuning the dielectric properties of the
polymeric matrix with the addition of camphor (a small polar dopant) to
optimize the absorption properties of a dye dispersed in the matrix and
hence the efficiency of the solar concentrator. Doping organic matrices
with camphor,[126] ethylene glycols[127] or other small molecules[128]
was also proposed to improve the efficiency of organic solar cells, with
limited success.[129] The importance of matrix effects, and hence of SSS,
in the third generation of OLED was early recognized.[130] In these

The work presented in this chapter is published in Mater. Horiz., 10, 4172-4182, 2023, where
additional details on the preparation of the samples and on experimental set ups and
measurements can be found.
Experimental data were recorded by Brunella Bardi in the host group at the University
of Parma and by Andrea Lapini, Mariangela Di Donato and Alessandro Iagatti at the
European Laboratory for Non-Linear Spectroscopy (LENS) in Florence, Italy.
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Figure 2.1: Structures of the two dyes
(DCM and Nile Red) used as polarity
sensors and of the four matrices of inter-
est (zeonex, mCP, mCBPCN ans DPEPO).

devices, non-emissive triplet states are harvested via a mechanism called
thermally activated delayed fluorescence (TADF) that relies on a tiny
energy gap between the lowest energy singlet and triplet states and on
a well-balanced mixing between charge transfer (CT) and local excited
triplet states.[131, 132] The delicate TADF mechanism is largely affected
by SSS,[133–136] indeed a smart matrix approach has been proposed to
optimize the device performance via the concurrent optimization of the
dye inside the matrix.[137] Several experimental and theoretical works
were devoted to disentangle the subtle effects of the matrix in TADF-
OLED: on one side the dielectric properties of the matrix are important,
but for sure its rigidity also plays a role, altering the conformation of the
emitter.[138, 139]

SSS has been discussed so far with reference to fluorescence, paying
very little, if any, attention to environmental effects in absorption and
vibrational spectra. However, when focusing on fluorescence, a delicate
issue must be considered that makes SSS more complex and difficult
to deal with than liquid solvation. The relevant degrees of freedom of
liquid (low-viscosity) solvents relax in the first few picoseconds after the
solute photoexcitation,[71, 136, 140] so that fluorescence (typically in the
nanosecond timescale) occurs from the solute experiencing a fully relaxed
environment. In frozen glassy solvents the environment is very rigid as
to fully hinder its relaxation.[141] But in polymeric or in small molecule
matrices at room temperature the situation is much less clear cut. Of
course the molecules cannot freely tumble inside a matrix, however the
matrix is not fully frozen. As discussed in polymeric matrices,[142] polar
groups can rotate around C-C bonds and other groups may librate in
timescales that are strongly dependent on the environment.

The dynamical behavior of the matrix is of enormous relevance to
control the physics of actual devices.[129, 139, 143, 144] Just as an exam-
ple, camphor is often added to the matrices to increase their dielectric
constant.[125, 126, 138, 145] However, as demonstrated by a careful anal-
ysis,[146] the camphor molecule readjusts quickly inside the matrix,
with typical relaxation times in the picosend time window, so that the
matrix behaves like a liquid polar environment. Experimental data on
the dielectric response of small molecule matrices are scanty[147] and
even less is known about their dynamical behavior, with main results
relying on molecular dynamics simulations.[143, 148]

In this chapter a detailed study is carried out with the aim of unveiling the
static and dynamical dielectric properties of some of the most common
amorphous organic matrices used in optoelectronic devices. The approach
exploits dipolar dyes as microscopic polarity probes: the study of the
spectroscopic properties of the dye dispersed in these media with steady
state and time-resolved techniques allows to gain important information
about the equilibrium polarity and dynamical behavior of the materials.
Specifically, DCM and Nile Red (hereinafter NR) are used as polarity
probes and zeonex, mCP, mCBPCN and DPEPO are the four investigated
organic amorphous matrices (molecular structures in figure 2.1). The main
focus of this chapter will be on the theoretical modeling that supports
the interpretation of steady state and time-resolved experiments.

The essential state model for a dipolar dye used in chapter 1 has already
been extended to account for polar solvation.[15] Here, the model is
adapted to the case of solid state solvation and parametrized against
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Figure 2.2: A sketch of polar solvation ef-
fects on transition energies. The concept
is the same for absorption and steady
state fluorescence spectra ($0 represents
either the absorption or fluorescence en-
ergy of the dye in a non-polar environ-
ment): the energy of the excited and
of the ground state is lowered by an
amount ĂĎ�ě and ĂĎ�ĝ , respectively, so
that the transition energy is lowered by
ĂĎ(�ě − �ĝ). For absorption processes,
ĂĎ = Ĩ�ĝ , in either liquid or solid matri-
ces. As for steady state fluorescence, in
liquid solvents ĂĎ = Ĩ�ě , with the same
solvent-specific Ĩ value as in absorption.
In solid matrices the picture for steady
state fluorescence is more complex, as
discussed in this chapter.

steady state absorption and emission spectra. Afterwards, the relaxation
of the polar environment is included in the relaxation model set up in
chapter 1. To this aim, polar solvation dynamics is treated classically,
presenting the challenging task of coupling a quantum and a classical
system.

The chapter is structured as follows: in section 2.1 the analysis of steady
state spectra is carried out. An introduction to solvatochromism is
proposed (2.1.1), together with the extension of the essential state model
to liquid solvation (2.1.2). Steady state spectra in solid matrices are
then addressed (2.1.3). Section 2.2 is devoted to relaxation dynamics,
introducing polar solvation dynamics in the Redifeld master equation
(2.2.1). The model is validated in solution (2.2.2) and then applied to
simulate relaxation in amorphous matrices (2.2.3). Section 2.3 concludes
the chapter.

2.1 Steady state spectra in liquid solvents and

solid matrices

2.1.1 Solvatochromism

Solvatochromism is the dependence on the environment of the spectro-
scopic properties of a molecule. When a polar dye enters a polar medium
(either liquid or solid), the medium polarizes in response to the dipole
moment of the dye generating a local electric field, dubbed as the reaction
field. Two contributions to the reaction field must be considered, a contri-
bution related to the electronic polarizability of the medium molecules,
and a contribution related to their conformational and rotational degrees
of freedom. The first contribution is traced back to the medium refractive
index at optical frequencies. Since the refractive index is roughly invariant
in different organic media, to a first approximation, its contribution to
the solvatochromism can be disregarded.[17] To be more specific, the
medium polarizability largely and non-trivially affects the photophysics
of a dye when going from gas phase to an organic medium (the refractive
index changing from 1 to ∼ 1.4),[135] but the effect is roughly the same
in all common organic media, so that the large variation of spectral
properties in different solvents or matrices can be safely ascribed to the
rotational and conformational motion of the medium molecules.

In a low viscosity liquid, the medium molecules are free to tumble and
in presence of a polar dye, they reorient to generate at the solute location
a reaction field ĂĎ proportional to the solute dipole moment ï�̂ð:[17, 64,
113]

ĂĎ = Ĩï�̂ð (2.1)

where Ĩ increases with the solvent polarity. This reaction field in turn
stabilizes both the ground and the excited state of the solute, but by
different amounts if the permanent dipole moment of the ground state
�ĝ is different from the permanent dipole moment of the excited state
�ě , thus generating a dependence of the transition frequencies over Ĩ, i.
e. over the polarity of the environment, as illustrated in figure 2.2.
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The absorption transition is a vertical process, occurring while the slow
degrees of freedom of the medium stay frozen and ĂĎ = Ĩ�ĝ . The
energy of the excited state is then lowered due to the interaction with the
environment by −ĂĎ�ě = −Ĩ�ĝ�ě and the energy of the ground state is
lowered by −ĂĎ�ĝ = −Ĩ�ĝ�ĝ , so that absorption transition frequency as
a function of the medium polarity reads:

ℏ$ėĘĩ = ℏ$0
ėĘĩ − Ĩ�ĝ(�ě − �ĝ) (2.2)

where ℏ$0
ėĘĩ

is the absorption frequency in non-polar media.

Upon excitation, the permanent dipole moment of the solute changes and
the surrounding molecules rearrange around the new charge distribution
of the excited state. In a low viscosity environment like a liquid solvent,
just a few picoseconds are needed for the solvent molecules to rearrange
in response to the new molecular polarity.[71] Steady state fluorescence,
typically occurring in the nanosecond timescale, therefore comes from a
state where the excited dye is experiencing a reaction field equilibrated
over the excited state permanent dipole moment ĂĎ = Ĩ�ě . Along the
same line that gave eq. 2.2, the progressive shift of the fluorescence band
with the solvent polarity can be estimated as:

ℏ$ Ĝ Ģīĥ = ℏ$0
Ĝ Ģīĥ − Ĩ�ě(�ě − �ĝ) (2.3)

where ℏ$0
Ĝ Ģīĥ

is the fluorescence frequency in non-polar media. If�ě > �ĝ

(as it is the case for Nile Red and DCM[15] and as illustrated in figure 2.2)
the reaction field stabilizes the excited state more than the ground state,
generating both in absorption and in emission a red shift that increases
upon increasing the solvent polarity. Moreover, since ĂĎ is larger when
the medium is equilibrated over the excited state, solvatochromism
is more pronounced in emission than in absorption, resulting in an
increasing Stokes shift (i. e. the difference in energy between absorption
and emission maxima) with solvent polarity. On the other hand, if�ĝ > �ě

the ground state is more stabilized, so that both absorption and emission
frequencies move to the blue with respect to a non-polar medium and
solvatochromism is more pronounced in absorption. The two scenarios
are referred to as direct and inverse solvatochromism, respectively.[64]

2.1.2 DA dye in liquid solvents

Figure 2.3 shows experimental Raman, absorption and emission spectra
of DCM (panels a, b and c) and NR (panels g, h and i) dissolved in
four solvents of increasing polarity, from carbon tetrachloride (CCl4) to
dimethylsulfoxide (DMSO). As mentioned in the previous section, both
dyes have a polar ground state, with a permanent dipole moment �ĝ

smaller than the very large excited state dipole moment �ě associated to
the CT nature of the excited state.[15] The progressive red shifts in the
absorption spectra clearly point to a solvent polarity that increases in the
order CCl4, CHCl3, DMF and DMSO. Absorption spectra of NR (panel
h) show a larger solvatochromism than DCM (panel b), in line with NR
having a larger ground state permament dipole moment than DCM.[15,
149] Finally, the progressive broadening of the absorption band with
increasing solvent polarity is ascribed to the inhomogenous broadening
induced by thermal disorder on the reaction field.[15, 17]
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Figure 2.3: Steady state spectra for DCM
(panels a-f) and NR (panels g-n) in liquid
solvents. From left to right Raman spec-
tra, absorption and fluorescence spectra
are reported. Panels a-c, g-i show mea-
sured spectra and panels d-f, l-n the cal-
culated ones. Molecular parameters are
reported in table 2.1, solvent relaxation
energies �ĥĨ are reported in the legends.

1: The dipole moment operator is de-
fined as �̂ = �0�̂, where �0 is the dipole
moment associated with the zwitterionic
state and �̂ is the ionicity operator. ĂĥĨ
is therefore defined as the reaction field
times �0.

Vibrational solvatochromism, recently proposed as a powerful tool to
monitor the local medium polarity,[150] has been extensively investigated
in polar donor-acceptor dyes.[151–153] It relies on the polarizability of
the dye: upon increasing the solvent polarity, the charge distribution
on the dye changes, towards an increased dipole moment. Vibrational
frequencies are extremely responsive even to small variations of the charge
distribution in the molecule and move to the red (in the hypothesis of
linear electron-vibration coupling). The non-resonant Raman spectra
of DCM (panel a) are more sensitive to the polarity than those of NR
(panel g), but for both systems, they support the same polarity scale
as absorption spectra. Much as for absorption, the Raman bands also
broaden in polar media.[153]

After excitation, in a few picoseconds the solvent molecules rearrange
around the excited state and fluorescence (nanosecond timescale) occurs
from a state where the reaction field is equilibrated over �ě . Therefore,
the same polarity scale as observed in absorption is recovered, with
the polarity increasing in the order CCl4, CHCl3, DMF and DMSO. As
expected, solvatochromism is more pronounced in emission than in
absorption (�ě > �ĝ , direct solvatochromism), and the solvatochromic
shifts are larger for DCM (panel c) than NR (panel i) since�Āÿĉ

ě > �ĊĎ
ě .

Solvation model

The essential state model for a DA dye described in chapter 1 is here
extended to account for polar solvation. In particular, the interaction
with the reaction field (hereinafter dubbed as ĂĥĨ , conveniently defined
in energy units) is added to the molecular Hamiltonian Ą̂ď in eq. 1.39 to
give the total Hamiltonian:1
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İ0 −� �Ĭ ℏ$Ĭ

DCM 1.14 0.88 0.456 0.172
NR 0.88 0.95 0.33 0.14

Table 2.1: Molecular model parameters
for DCM and NR (all quantities in eV).

Ą̂ĪĥĪ = Ą̂ď − ĂĥĨ �̂ + Ă2
ĥĨ

4�ĥĨ
(2.4)

where the second term in the right-hand side describes the interaction
between the field (or, to be specific, the field component parallel to the
molecular dipole moment) and the solute molecule, and the last term
accounts for the elastic restoring force with �ĥĨ measuring the solvent
relaxation energy. �ĥĨ enters as a solvent-dependent parameter and its
value increases with increasing polarity. Polar solvation is related to the
slow, typically overdamped, motion of polar solvent molecules around
the solute. Accordingly, its kinetic energy is neglected and ĂĥĨ is treated
as a classical coordinate.

A grid of ĂĥĨ values is defined, and in each point of the grid the Hamil-
tonian in eq. 2.4 is written, as done in chapter 1, on the vibronic basis
obtained as the direct product of the two electronic states times the first
ĉ eigenstates of the harmonic oscillator that describes the vibrational
coordinate. The ĂĥĨ-dependent Hamiltonians are diagonalized and, fol-
lowing a well established procedure,[15] the ĂĥĨ-dependent non-adiabatic
vibronic eigenstates and energies are used to calculate ĂĥĨ-dependent
steady state spectra exploiting sum over states expressions. In particular,
absorption and Raman spectra are calculated as:

ýĘĩ($; ĂĥĨ) ∝ $
∑

ğ>1

|�ğ1(ĂĥĨ)|2 exp

(

−($ğ1(ĂĥĨ) − $)2
2�2

)

(2.5)

Ď($, ĂĥĨ) ∝ Im

∑

ğ>1

1

$ğ1(ĂĥĨ) − $ − ğ�

(

∑

Ġ>1

2�1Ġ(ĂĥĨ)�Ġğ(ĂĥĨ)
$ Ġ1(ĂĥĨ)

)

(2.6)

where ğ and Ġ run on the ĂĥĨ-dependent eigenstates (ğ=1 being the ground
state) and $ğ Ġ(ĂĥĨ) and �ğ Ġ(ĂĥĨ) are the frequency and transition dipole
moment for the Ġ → ğ transition. A Gaussian lineshape with standard
deviation � is assigned to each transition for absorption spectra, while
a Lorentzian lineshape with half width at half maximum � is used for
Raman spectra. In the following � = 0.055 eV and � = 0.0005 eV are
used. Finally, the spectra of the solvated dye are calculated averaging the
ĂĥĨ-dependent spectra over the field temperature-dependent Boltzmann
distribution relevant to the ground state.
Along similar lines, ĂĥĨ-dependent steady state fluorescence spectra are
calculated as:

ĂĢīĥ($, ĂĥĨ) ∝ $3
∑

ğ< Ĝ

|�ğ Ĝ (ĂĥĨ)|2 exp

(

−
($ğ Ĝ (ĂĥĨ) − $)2

2�2

)

(2.7)

where the fluorescent state Ĝ (the Kasha state) is identified as the first
eigenstate of the electronically excited manifold and the thermal average
is performed over the Boltzmann distribution relevant to the Kasha state.
As it will be discussed in greater detail in the next section, this approach
works well for fluorescence spectra in liquid (non-viscous) solvents,
where the relaxation time of the solvents ensures the full equilibration of
the solvent around the excited solute before fluorescence takes place.

Simulated steady state Raman, absorption and fluorescence spectra for
DCM (panels d, e and f) and NR (panels l, m and n) are reported in figure
2.3. They compare very well with experiment, confirming the reliability
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of the model and of its parametrization (molecular parameters, same
used in chapter 1, are reported in table 2.1; solvent relaxation energies �ĥĨ
are reported in the legends). Simulated vibrational spectra only account
for a single effective vibrational mode, therefore a punctual comparison
with experimental Raman frequencies is meaningless, yet the progressive
red-shift and broadening of the vibrational band upon increasing the
solvent polarity is well reproduced. Indeed, the model captures well the
complex evolution with solvent polarity of frequencies and bandshapes
of absorption, fluorescence and vibrational spectra only accounting for
the 4 fixed molecular parameters and adjusting the solvent relaxation
energy. While �0 (the dipole moment associated with the zwitterionic
state) would introduce an additional parameter, it is irrelevant here since
absolute absorption intensities are not addressed.

2.1.3 DA dye in organic amorphous matrices

With the final aim of studying the dynamics in organic amorphous
matrices (as relevant to OLED devices) in this section the experimental
solvatochromic behavior of steady state spectra in matrices is investigated
and a model for solid state solvation is built.

A strange solvatochromic behavior

In figure 2.4 experimental Raman, absorption and emission spectra are
reported for DCM (panels d, e, f) and NR (panels l, m, n) dispersed
in four different amorphous organic matrices (zeonex, mCP, mCBPCN
and DPEPO), together with the spectra collected in different liquid
solvents (same spectra as in figure 2.3). By comparing absorption spectra
in liquid solvents and in matrices, a polarity scale for the matrices can be
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Figure 2.4: Experimenatal steady state
spectra for DCM (panels a-f) and NR
(panels g-n) collected in liquid solvents
and in matrices. From left to right Ra-
man spectra, absorption and fluores-
cence spectra are reported. Absorption
spectra in matrices are measured as fluo-
rescence excitation spectra. The vertical
dashed lines show, as a guide for the eye,
the positions of the band maxima mea-
sured in CCl4 and DMSO.
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Figure 2.5: Calculated emission spectra
for NR in a frozen, liquid and partially
mobile environment. Absorption (calcu-
lated using �ĪĥĪ = 0.56 eV) is reported as
a dotted line.

�ĥĨ �ĚįĤ �ĩĪėĪ

DCM

zeonex 0.10 0.10 0.0
mCP 0.65 0.20 0.45

mCBPCN 0.70 0.15 0.55
DPEPO 0.90 0.20 0.70

NR

zeonex 0.08 0.08 0.0
mCP 0.50 0.40 0.10

mCBPCN 0.56 0.28 0.28
DPEPO 0.79 0.39 0.40

Table 2.2: Total relaxation energy �ĥĨ
(relevant to Raman and absorption spec-
tra) and its partitioning in the static and
dynamical components (relevant to emis-
sion) for DCM and Nile Red in zeonex,
mCP, mCBPCN and DPEPO (all quanti-
ties in eV).

defined: zeonex is non polar as CCl4, mCP and mCBPCN have similar
polarity as DMSO, while DPEPO is even more polar than DMSO. In
solid matrices, the molecular units or the polymeric fragments are not
moving freely, however, during the formation of the matrix, it is likely
that polar molecules and/or polar groups arrange themselves around
a polar dye generating again a reaction field proportional to the dipole
moment of the dye. Once again, matrices containing polar molecules or
polar groups are expected to generate a sizable reaction field ĂĎ ∝ Ĩ�ĝ .
Non-resonant Raman spectra support the same polarity scale: once again,
zeonex behaves like CCl4, mCP and mCBPCN have similar polarity, being
slightly less polar than DMSO, and DPEPO is as polar as or possibly
slightly more polar than DMSO.

However, looking at fluorescence spectra collected in solid matrices (panels
f and n), a surprise is found: the polarity scale defined upon comparison
with emission spectra in polar solvents is different respect to the one
established in absorption. In particular, zeonex, a non-polar matrix,
behaves like CCl4, as expected, but the other matrices look much less
polar than they are in absorption. Just as the most striking example,
Raman and absorption spectra suggest that DPEPO is as polar as or
possibly slightly more polar than DMSO, but in emission DPEPO looks
much less polar than DMSO. This is a clear indication that the matrix
cannot fully readjust in response to the dye photoexcitation in the time-
window of relevance to fluorescence. On the other hand, in the same
timescale, the matrix is not fully rigid, as demonstrated by the sizable
Stokes shifts observed in polar matrices.

Model for solid state solvation

The same model adopted to simulate steady state DCM and NR spectra
in solution also works for absorption and vibrational spectra in matrices,
in the hypothesis that the matrix is equilibrated to the ground state
molecular polarity of the dyes. Emission spectra are more delicate.
Indeed, it is not possible to reproduce experimental emission spectra
neither considering a liquid environment, i. e. assuming a complete
relaxation of the environment around the excited dye before emission
takes place, nor considering the environment completely frozen at the
ground state equilibrium. In the first hypothesis the red shift would be
too large, while in the second case it would be too small with respect
to the experiment (see figure 2.5). Experimental data suggest that the
molecules of the matrix are partially free to readjust around the excited
dye as demonstrated by the finite Stokes shift, but the relaxation is
hindered, so that the matrix molecules cannot fully relax before emission
takes place. Following a recently proposed approach,[139] steady state
fluorescence spectra can be simulated partitioning the relaxation energy
estimated from the analysis of vibrational and absorption spectra into a
dynamical component that describes the degrees of freedom that relax
before emission takes place (up to the order of few nanoseconds) and
a static component that relaxes on much longer timescales, if ever. A
reaction field and a corresponding relaxation energy are assigned to the
two components so that the Hamiltonian that describes the dye inside a
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matrix reads:

Ą̂ďďď
ĪĥĪ = Ą̂ď − ĂĩĪėĪ �̂ +

Ă2
ĩĪėĪ

4�ĩĪėĪ
− ĂĚįĤ �̂ +

Ă2
ĚįĤ

4�ĚįĤ
. (2.8)

Steady state emission spectra are finally calculated considering the
Boltzmann distribution relevant to the ground state over ĂĩĪėĪ and the
one relevant to the excited state over ĂĚįĤ . This partitioning is somewhat
rough, but leads to a simple and effective approach to steady state
fluorescence in semirigid environments. The position of the absorption
spectrum only depends on the total amount of coupling �ĥĨ = �ĩĪėĪ+�ĚįĤ ,
while the position of the emission spectrum depends also on the relative
magnitude of the two relaxation energies. Figure 2.5 shows how when
the total relaxation energy is equally partitioned between the static
and dynamical component (therefore simulating a partially mobile
environment), the emission spectrum falls midway between emission
in a completely frozen (�ĚįĤ = 0) and a completely mobile (�ĩĪėĪ = 0)
environment.

In figure 2.6 calculated Raman, absorption and emission spectra for DCM
(panels d, e, f) and Nile Red (panels l, m, n) in the four investigated
matrices are reported, together with experimental spectra (the same
shown in figure 2.4). Molecular parameters are the same as in liquid
solvents (table 2.1); total relaxation energies used to calculate absorption
and Raman spectra and their partitioning in the static and dynamical
contributions for the calculation of fluorescence spectra are reported in
table 2.2.
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Figure 2.6: Steady state spectra for DCM
(panels a-f) and NR (panels g-n) in ma-
trices. From left to right Raman spectra,
absorption and fluorescence spectra are
reported. Panels a-c, g-i show measured
spectra and panels d-f, l-n the calculated
ones. Molecular parameters are reported
in table 2.1, solvent relaxation energies
and their partitioning in the static and
dynamical components are reported in
table 2.2.



40 2 Single molecule relaxation in polar environments: liquid and solid state solvation

500 600 700

500 600 700
Wavelength (nm)

N
o
rm

al
iz

ed
 E

m
is

si
o
n

500 600 700

N
o
rm

al
iz

ed
 E

m
is

si
o
n 0.58

2.58

4.58

6.58

8.58

10.58

500 600 700
Wavelength (nm)

0.81

2.81

4.81

6.81

8.81

10.81

12.81

14.81

DCM@zeonex

NR@zeonex

Figure 2.7: Time-resolved emission spec-
tra of DCM (top panel) and NR (bottom
panel) in zeonex. Legends report time in
nanoseconds. Details on the experimen-
tal set up in ref.[72].

2.2 Relaxation dynamics in polar environments

The analysis of steady state spectra described in the previous section gives
important hints about the behavior of molecular amorphous matrices.
Primarily, experimental data suggests that these materials are neither
completely frozen nor completely free to move and to reorient around
the excited dye (at least not within the typical fluorescence lifetimes of
few nanoseconds) and a theoretical model has been set up to support
this physical interpretation. However, to fully understand solid state
solvation, and in particular to get information about the matrix relaxation
timescales, a time-resolved analysis is in order. Nile Red is chosen for the
time-resolved studies because of its rigidity. DCM has a flexible molecular
structure and it is expected to undergo a geometrical relaxation with
a characteristic time that might compete with the relaxation of the
environment. The emerging picture would therefore be compromised
since disentangling the contributions to the Stokes shift related to the
relaxation of the environment and to the conformational relaxation of the
dye is practically impossible. Figure 2.7 shows how even in zeonex (i. e. a
non polar environment, where solvatochromic effects are not expected)
the time-resolved emission spectra of DCM present a significant red-shift,
ascribed to the relaxation of the internal conformational coordinate.
Conversely, this red shift is not observed for Nile Red (bottom panel
in figure 2.7). DCM is a good and reliable polarity sensor as long as
the interest is on the equilibrium polarity of the matrix, as tested by
absorption and Raman spectra, but its flexibility makes it an unreliable
probe for the dielectric dynamics. On the other hand, the rigidity of Nile
Red ensures for the relaxation of the environment to be the only degree
of freedom present in the system.

From the theoretical perspective, the relaxation model developed in
chapter 1 has to be extended to account for the interaction with the
classical reaction field ĂĥĨ . Once validated in solution, the model will be
used to address relaxation dynamics in solid matrices.

2.2.1 The quantum-classical Redfield-Smoluchowski

master equation

An explicit and fully quantum mechanical treatment of the concurrent re-
laxation of a photoexcited molecule and of the surrounding environment
is an impractical task due to the huge amount of degrees of freedom
that would require. Since it is related to rotational and conformational
motion, an appealing possibility is to treat the reaction field as a classical
coordinate. Care has to be taken though, since the approach entails the
delicate problem of combining a classical and a quantum systems. Here, a
quantum classical Liouville equation based approach originally proposed
to address energy transfer in solution[154] is exploited. Specifically, the
Redfield relaxation model settled in chapter 1 (with linear system-bath
coupling and constant spectral density) is adopted for the relaxation of
the dye. The relaxation of the solvent, that enters the model as a classical
overdamped coordinate, is described by the Smoluchowski equation.[154,
155] Following ref. [154], the quantum classical Redfield-Smoluchowski



2.2 Relaxation dynamics in polar environments 41

master equation is obtained:

%

%Ī
�ėĘ(ĂĥĨ ; Ī) = − ğ$ėĘ�ėĘ(ĂĥĨ ; Ī) +

∑

ęĚ

RėĘ,ęĚ�ęĚ(ĂĥĨ ; Ī)
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ę
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ę
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�ėę
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%ĂĥĨ
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�ęĘ
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�Ģ
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ĂĥĨ�ėĘ(ĂĥĨ ; Ī) + ġþĐ2�ĥĨ
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%ĂĥĨ
�ėĘ(ĂĥĨ ; Ī)

)

(2.9)

where �ėĘ(ĂĥĨ ; Ī) is the ĂĥĨ-dependent density matrix element written on
the basis of the eigenstates of the molecular Hamiltonian Ą̂ď in eq. 1.39
(the Hamiltonian for ĂĥĨ = 0, i. e. a non-polar environment) and �ğ Ġ are
the matrix elements of the ionicity operator. The first line in the above
equation describes the Liouvillian dynamics ($ėĘ is the frequency of the
Ę → ė transition) and the Redfield relaxation (RėĘ,ęĚ are the terms of the
Redfield relaxation tensor as defined in section 1.1.3). The second and
third lines describe the effect of the solvent on the solute and vice versa,
respectively, and the last line accounts for the Smoluchowski dynamics
of the solvent (ġþ is the Boltzmann constant and Đ the temperature). The
longitudinal relaxation time �Ģ is the only parameter needed to describe
the environment relaxation. It is characteristic of the environment and
the values for common organic solvents are known.[71]

A well known problem of coupled quantum-classical dynamics is due
to the third line in eq. 2.9, that breaks the positivity of the density ma-
trix.[156–158] Moreover, when mixing quantum and classical dynamics,
problems may arise with the dynamics not obeying detailed balance.
To address these issues, the off-diagonal matrix elements of the ionicity
operator �̂ in the second and third line of eq. 2.9 are neglected. The
approximation is somewhat crude, but it works well for the molecular
relaxation process investigated here, as demonstrated by the analysis of
time-resolved spectra collected in liquid solvents (see below). The master
equation then becomes:

%

%Ī
�ėĘ(ĂĥĨ ; Ī) = − ğ$̃ėĘ(ĂĥĨ)�ėĘ(ĂĥĨ ; Ī) +

∑

ęĚ

RėĘ,ęĚ�ęĚ(ĂĥĨ ; Ī)

− �ĥĨ
�Ģ

%�ėĘ(ĂĥĨ ; Ī)
%ĂĥĨ

(�ėė + �ĘĘ)

+ 1

�Ģ

%

%ĂĥĨ

(

ĂĥĨ�ėĘ(ĂĥĨ ; Ī) + ġþĐ2�ĥĨ
%

%ĂĥĨ
�ėĘ(ĂĥĨ ; Ī)

)

.

(2.10)

Quite interestingly, the frequency of the Ę → ė transition involved
in the Liouvillian dynamics described in this equation acquires a ĂĥĨ-
dependency accounting for solvatochromic effects:

$̃ėĘ(ĂĥĨ) = $ėĘ −
ĂĥĨ
ℏ

(�ėė − �ĘĘ). (2.11)
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2: In the initial state prepared in this
way the quantum and the classical parts
are entangled, indeed it is not possible to
write it as a direct product of a density
matrix �̂ and a classical distribution ĭ

since �̂ acquires a dependence over ĂĥĨ .

2.2.2 Validating the model: relaxation in liquid solvents

In this section, eq. 2.10 is used to simulate the relaxation dynamics of
Nile Red in liquid organic solvents upon impulsive excitation and the
results are validated against time-resolved pump probe experiments.

The system at equilibrium consists in a collection of molecules, each
one experiencing a different reaction field, distributed according to the
Boltzman law. To simulate an impulsive excitation over such a system
(i. e. to prepare the initial state for the dynamics), the ĂĥĨ-dependent
Hamiltonian for the solvated molecule in eq. 2.4 is diagonalized on a
grid of ĂĥĨ values to obtain the ĂĥĨ-dependent energies and eigenstates
|#ğ(ĂĥĨ)ð. The equilibrium solvent distribution is calculated as

ĭ(Ă, Ī = 0) = ě
− ā1(ĂĥĨ )

ġþĐ (2.12)

whereā1(ĂĥĨ) is the ĂĥĨ-dependent ground state (the only populated state
at the equilibrium). Upon impulsive excitation, the solvent distribution
is unaffected, but for each value of the field ĂĥĨ , the molecule is driven in
the coherent state

|«∗(ĂĥĨ)ð =
Ċ
∑

ğ=2

|#ğ(ĂĥĨ)ðï#ğ(ĂĥĨ)|�̂|#1(ĂĥĨ)ð. (2.13)

Each |«∗(ĂĥĨ)ð is then rotated on the basis of the eigenstates of the
ĂĥĨ-independent molecular Hamiltonian in eq. 1.39 and finally the initial
state for the dynamics is obtained as: 2

�̂(ĂĥĨ , 0) = ĭ(ĂĥĨ , 0)|«′∗(ĂĥĨ)ðï«′∗(ĂĥĨ)| (2.14)

where |«′∗(ĂĥĨ)ð are the ĂĥĨ-dependent coherent states rotated on the ĂĥĨ-
independent basis. The density matrix is normalized,ĐĨď{

+

ĚĂĥĨ �̂(ĂĥĨ , Ī)}
= 1, and the expectation value of a generic operator ý̂ (possibly ĂĥĨ-
dependent) is evaluated as:

ïý̂(Ī)ð = ĐĨď

{+

ĚĂĥĨ ý̂(ĂĥĨ)�̂(ĂĥĨ , Ī)
}

(2.15)

where ĐĨď{·} is the trace over the system degrees of freedom.[159]

The relaxation of the coherently excited state is evaluated integrating eq.
2.10 with the Short-Iterative-Arnoldi algorithm with a time-step of 1.5 fs
and with a Krylov space of dimension of 20. A full Redfield approach
is adopted, meaning that all the terms of the four dimensional Redfield
tensor RėĘ,ęĚ are accounted for. Temperature is set to 298 K and a constant
spectral density is used with � = 5 ps−1.

Figure 2.8 shows results for NR in chloroform (�ĥĨ = 0.47 eV, �Ģ = 0.28

ps). Panels a, b and c report the time evolution of the energy of the
molecule, ïč̂ð and ïĂĥĨð, respectively, where ïĂĥĨð is calculated as
ĐĨď{

+

ĚĂĥĨ �̂(ĂĥĨ , Ī)ĂĥĨ}. Panels d and e show the evolution of the distri-
bution of the solvation coordinate calculated asĭ(ĂĥĨ , Ī) = ĐĨď{�̂(ĂĥĨ , Ī)}.
In panel a the energy decay obtained for ĂĥĨ = 0 (i. e. for the molecule
in a non-polar solvent) is reported as a black dashed line for reference.
In polar solution, the energy of the initial state is a bit lower (∼ 0.1 eV)
because of the stabilization due to the interaction with the polar solvent
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Figure 2.8: Relaxation dynamics of coher-
ently excited NR in CHCl3 (�ĥĨ = 0.47
eV, �Ģ = 0.28 ps). Linear system bath
coupling and constant spectral density
are used (� = 5 ps−1). (a) time evolution
of the energy of the system, the black
dashed line shows the result obtained
for ĂĥĨ = 0 (same as in chapter 1, figure
1.10). Time evolution of ïč̂ð and ïĂĥĨð
(b and c, respectively) and evolution of
the solvent distribution ĭ(ĂĥĨ , Ī) (d and
e, times indicated in the legends).

and most notably an energy decay due to the equilibration of the solvent
around the excited state appears in the picosecond timewindow that is
not present in a non-polar environment. At first, the system relaxes from
the initial coherent state to the Kasha state with a characteristic time of 100
fs. The motion is initially coherent, as demonstrated by the oscillations
of ïč̂ð in panel b, but by the time population is completely transferred
to the Kasha state coherence is lost, as reflected in the damping of the
oscillations. The solvent then equilibrates around the Kasha state with
its characteristic time of �Ģ = 2.8 ps, as it can be seen in panels c and d,
where the solvent distribution shifts to higher fields and becomes slightly
narrower. Subsequently, the system starts its slow (∼ 4 ns characteristic
time) and incoherent run towards the ground state, with the solvent
distribution developing a bimodal shape as long as both the ground and
Kasha states are populated.

Following the same approach exposed in chapter 1, time-resolved emis-
sion spectra are calculated and compared to experiment. The emission
spectrum at time Ī′ after the impulsive excitation is calculated defin-
ing the initial generating function as ¬̂ Ĝ (ĂĥĨ ; Ī − Ī′, Ī′) = �̂�̂(ĂĥĨ ; Ī′),
where �̂(ĂĥĨ ; Ī′) is the system reduced density matrix at time Ī′ ob-
tained integrating equation 2.10. Time evolution of ¬̂ Ĝ (ĂĥĨ ; Ī − Ī′, Ī′)
is evaluated according to equation 2.9 (where the whole �̂ opera-
tor is used). Same temperature and dimension of the Krylov space
are used as in the main dynamics and 0.15 fs is used as time in-
tegration step. The dipole-dipole correlation function is obtained as
ÿ

Ĝ
��(Ī− Ī′, Ī′) = ï�̂(Ī− Ī′)�̂(Ī′)ð = ĐĨď

{
+

ĚĂĥĨ �̂′¬̂ Ĝ (ĂĥĨ ; Ī − Ī′, Ī′)
}

where
�̂′ is the lower triangle of the dipole moment operator, that allows to ex-
tract only the emission contribution. The emission spectrum at Ī′ is finally
obtained as the power spectrum of the Fourier transform of ÿ Ĝ

��(Ī − Ī′, Ī′)
over the Ī− Ī′ domain (damped with an exponential decay ě−Ī/ė ; ė = 30 fs
is used here). Since the generating function has to be propagated just for a
short time compared to �Ģ , to speed up the calculation in this propagation
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Figure 2.9: Left panels: experimental
pump-probe maps showing the time evo-
lution of the stimulated emission signal
(positive sign) for NR in CHCl3 (top)
and DMF (bottom). Right panels: rela-
tive simulated time-resolved emission
spectra (molecular parameters in table
2.1; in CHCl3 �ĥĨ = 0.47 eV and �Ģ =2.8
ps, in DMF �ĥĨ = 0.62 eV and �Ģ =0.91
ps). Details on the experimental set up
in ref.[72].

the environment can be considered frozen.

Color maps in right panels of figure 2.9 show the (normalizad) time-
resolved emission spectra calculated for NR dissolved in CHCl3 (�Ģ = 2.8

ps) and DMF (�Ģ = 0.91 ps). Same model parameters (including the
solvent relaxation energies) adopted to simulate steady state spectra
(figure 2.3) are used. The time evolution of emission spectra is related
to the concurrent relaxation of the photoexcited molecule and or the
surrounding solvent. Within the first few hundreths of fs clear signatures
related to the coherent vibrational oscillations are observed, as in figure
1.13 in chapter 1. The subsequent red shift is related to the reorganization
of the solvent around the solute excited state (occurring precisely with
the characteristic relaxation times of the solvents). It is worth to point
out that in this theoretical approach no approximation regarding the
separation of these two motions is introduced, but everything is treated
in a unique framework. Reliable results are therefore obtained also for
systems where solvation dynamics is fast and totally or partially (as in
DMF) intertwined with the fast vibrational internal conversion.

Experimantally, the time evolution of the emission spectrum is followed
observing the stimulated emission signal in an Ultra Short pump-probe
(US-pp) experiment (more details are reported in ref.[72]). The agreement
with experimental data (reported in the left panels of figure 2.9) is
impressive and validates the theoretical approach. It is worth to highlight
that for simulations in liquid solvents no adjustable parameters enter the
dynamics: once a specific dye in a specific solvent is chosen, the molecular
parameters, together with the solvent relaxation energy �ĥĨ , are fixed
by the analysis of steady state spectra, while the solvent relaxation time
is taken from literature. The main discrepancy between simulations
end experiments is observed in the very early time, where the coherent
oscillations are very pronounced in the simulations and much less
prominent in experimental spectra. This minor discrepancy is traced
back to the main approximation of the molecular model that accounts
for a single effective vibrational mode coupled to the electronic degrees
of freedom. In the actual molecule, several vibrations with different
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frequencies are coupled to the electronic system, somewhat suppressing
the signal due to coherent oscillations (as proven in figure 1.13, chapter
1, where TRES for a system with one and three coupled modes are
compared).

2.2.3 Amorphous matrices: how do they move?

After the validation of the model via the analysis of time-resolved emission
spectra in liquid solvent, dynamical behavior of amorphous matrices is
now addressed. At variance with liquid solvents, relaxation times for
solid matrices are not known and via a careful simulation of time-resolved
spectra this important information will be extracted for the first time.
The time window that can be investigated extends up to ∼ 15 ns, being
clearly limited by the fluorescence lifetime of Nile Red.

The model for time-resolved emission spectra can be extended to account
for the interaction with the two separate static and dynamical components
of the reaction field in eq. 2.8. The presence of two classical fields makes
the calculation very demanding, therefore to address the very long times
(>ns) needed to simulate spectra in matrices further approximations are
required. Specifically, the first 1.5 ps of the main dynamics is calculated
exactly as in section 2.2.2 for liquid solvents: the initial coherent excitation
is simulated following eq. 2.13, full Redfield tensor is used, dimension of
Krylov space 20, time integration step 1.5 fs, temperature 298 K and � = 5

ps−1. This allows to observe the oscillations of the spectrum in the first
hundreds of femtoseconds. The second part of the dynamics (from 1.5
ps on) is calculated adopting the Bloch approximation and evolving just
the populations. The calculation significantly speeds up since just the Ċ

diagonal elements of the density matrix have to be evolved and not the Ċ2

elements. This approximation is reliable since coherences are completely
suppressed after 1.5 ps. Moreover, evolving just the populations in the
Bloch approximation allows to drastically reduce the dimension of the
Krylov space required by the SIA algorithm from 20 to only 3.

The straightforward extension of the dynamical model for TRES in
solution to the Hamiltonian in eq. 2.8 is too rough to address the complex
relaxation phenomena that governs time-resolved emission in solid
matrices. In particular, it is not possible to reproduce the expetimental
data considering a constant �Ģ for the dynamical component of the
reaction field, suggesting that motion in matrices occurs in a different
way with respect to a liquid environment. The partially hindered motion
of the molecules in the solid amorphous phase is likely to originate
several relaxation degrees of freedom, each one with its characteristic �Ģ .
Most probably, there is a distribution of relaxation times, and as a first
attempt to describe this complex scenario a time-dependent relaxation time

is introduced, as to account for the different timescales associated to the
different degrees of freedom of the solid matrices.[142] Specifically, the
following form for the relaxation time is adopted:

�Ģ(Ī) = ė + Ę
(

1 − ě−ęĪ
)

(2.16)

where ė, Ę and ę are adjustable parameters. This function describes an
initial relaxation time ė that increases in time (with a velocity governed
by ę) up to the ė + Ę value, representing an environment that, in response
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to the stimulus related to the molecular excitation, moves initially with
velocity 1/ė and progressively slows down to 1/(ė + Ę).
Best fit to experimental data are obtained setting ė = 100 ps, Ę = 14.9 ns
and ę = 0.0007 ps−1 for DPEPO and ė = 20 ps, Ę = 5 ns and ę = 0.001

ps−1 for mCBPCN. An additional adjustment is needed for mCBPCN:
experimental data suggest the presence of an initial very fast (<1 ps)
relaxation, most probably related to the vibrational relaxation of CN
groups. To reproduce this feature, for the first 300 fs a relaxation time of
500 fs is considered, that is then switched off. In a first approximation,
this is equivalent to splitting the dynamical coordinate in two: ĂĚįĤ1 with
�Ģ = 500 fs and ĂĚįĤ2 with �Ģ(Ī).
Color maps in figure 2.10 show the comparison between experimental
and simulated time-resolved emission for NR in mCBPCN and DPEPO,
while the rightmost panels show the measured and simulated time
evolution of the maximum of the emission spectrum. To explore such
a wide time window, different experimental techniques are exploited:
a Long Range and an Ultra Short pump-probe set up (LR-pp and US-
pp, respectively) are used to detect the stimulated emission signal up
to 1.5 ns and time-resolved emission is recorded up do 15 ns with
the time-correlated single-photon counting (TCSPC) technique, more
details in ref.[72]. The results of the simulations compare impressively
well with experimental data in the whole accessible 15 fs - 15 ns time
window, demonstrating that the model is robust and yields reliable
information about the dielectric dynamics of amorphous matrices. The
major discrepancy is again observed in the subpicosecond window, where
the molecular model, accounting for a single coupled vibrational mode,
amplifies coherent oscillations.
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Figure 2.10: Left panels: stimulated emission signal (positive sign) for NR in DPEPO (top, LR-pp pump-probe set up) and mCBPCN
(bottom, US-pp pump-probe set up). Central panels: relative simulated time-resolved emission spectra (molecular parameters in tables
2.1 and 2.2, time-dependent relaxation times as defined in the main text). Right panels: time evolution of the maximum of the emission
spectra. Bluish dots refer to experimental data collected with different techniques (as per legends), the orange line shows simulated
results. For better comparison, simulated spectra are red shifted by 2.5 nm for DPEPO (top panels) and by 6 nm for mCBPCN (bottom
panels). Details on the experimental set ups in ref.[72].
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Figure 2.11: Time evolution of the maxi-
mum of the emission spectrum for NR in
DPEPO (top panel) and mCBPCN (bot-
tom panel) at room temperature (cyan
dots) and at 77 K (green dots).

As a definitive proof that the observed dynamical Stokes shift is due
to the mobility of the environment, measurements at low temperature
are performed, where matrices are expected to be completely frozen. As
expected, figure 2.11 shows how at 77 K the dynamical Stokes shift is
negligible if compared to the room temperature case.

The results conclusively suggest that at room temperature these materials
do move at least up to ∼ 15 ns, with DPEPO being much more sluggish
than mCBPCN. Moreover, relaxation dynamics in matrices proves to be
inherently more complex than in a liquid environment, as demonstrated
by the impossibility to reproduce experimental data accounting for a
single constant longitudinal relaxation time.

2.3 Conclusions

Understanding how optical properties of an organic dye are affected
when the dye is dispersed in a matrix is crucial for the optimization of
materials for optoelectronic devices like OPV, OLED or organic solar
concentrators. However, while solvatochromism is well recognized in
low viscosity solvents, solid state solvation is still far less understood.
Here an extensive experimental and theoretical study of SSS in presented,
where two commercial solvatochromic dyes are used to characterize the
static and dynamical dielectric response of several amorphous matrices of
interest for OLED applications. When discussing the dielectric behavior of
a medium, the timescales of relevant processes are decisive. In solid state
solvation care has to be taken when distinguish between the dielectric
properties that define the spectral responses of the dye at equilibrium,
i.e. absorption and Raman spectra, and those related to emission spectra,
occurring from an out of equilibrium state. In the first case, the dynamical
behavior of the environment is irrelevant, while for emission spectra its
dielectric dynamics is of paramount importance. A deep understanding
of the subtleties of environmental effect is therefore crucial.

The electronic degrees of freedom of the environment, associated to the
medium polarizability, are related to the medium refractive index at
optical frequencies.[17, 121] Relevant degrees of freedom, typically in
the UV region, instantaneously readjust during the excitation of the dye.
They are responsible for large effects on the molecular spectral properties
when going from gas phase to an organic medium. However, the marginal
variability of the refractive index in common organic media makes it
very difficult to appreciate the role of the environmental electronic
polarizability when comparing spectra collected in condensed phases. In
other terms, when discussing solvatochromism, the most relevant effect
is due to the rearrangement of polar molecules or polar groups around a
polar solute.

These orientational degrees of freedom are much slower than the degrees
of freedom of the dye in the visible or IR regions, so that, during the
electronic or vibrational excitation of the dye, they are essentially frozen
in the configuration equilibrated to the charge distribution of the dye
in the ground state. To measure the static polarity of the environment,
polar dyes, like DCM or NR, are good microscopic polarity probes:
comparing their absorption or vibrational spectra with those measured
in liquid solvents of different polarity offers a reliable polarity scale for
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solid matrices. In particular absorption and Raman spectra of the above
mentioned dyes in the four investigated matrices indicate that at the
equilibrium zeonex is non-polar (as CCl4), mCP and mCBPCN have
similar polarity as DMSO and DPEPO is slightly more polar.

After photoexcitation of a solvatochromic dye, the orientational degrees
of freedom of the medium, equilibrated to the ground state charge
distribution of the dye, start to reorganize to respond to the large variation
of the charge distribution in the excited state. The dynamics of this
rearrangement is very different in media of different nature. In non-
viscous liquid solvents, the solvent equilibrates in few picoseconds, [71]
and steady state fluorescence occurs from a dye surrounded by the
solvent equilibrated to the excited state charge distribution.[155, 160] This
relaxation is responsible for the large Stokes shifts observed for polar
molecules in polar solvents. In glassy solvents at cryogenic temperatures,
the solvent relaxation is hindered, leading to virtually infinite relaxation
times, and the Stokes shifts due to polar solvation vanish, even in highly
polar solvents.[141]

The situation is more delicate in solid matrices: the frequency of steady
state fluorescence spectra depends in an intricate way on the matrix
polarity and on its dynamics and the scale of polarity defined by steady
state emission is different with respect to the one defined in absorption.
Consequently, solid state solvation (typically discussed with reference to
fluorescence spectra[123–125]) requires a detailed understanding of the
dielectric relaxation of the matrix. Nile Red is chosen as a reliable probe
for the dielectric relaxation due to its rigidity, so that the relaxation of the
molecular conformational degrees of freedom does not interfere with the
matrix dynamic. Time-resolved spectra in mCBPCN and DPEPO show
that both these matrices rearrange in the whole accessible time-window
(ranging from 15 fs to 15 ns, being clearly limited by NR fluorescence
lifetime) without reaching equilibrium.

In this intriguing scenario, a theoretical model is developed both to
support the physical interpretation of the experimental data and to gain
some insights on the nature of these subtle phenomena. The essential
state model for a dipolar chromophore is extended to account for polar
solvation introducing the interaction with an electric field Ă coupled to
the electronic degrees of freedom of the dye and treated as a classical
coordinate. The model is then adapted to solid state solvation, where the
separation of the reaction field Ă in a static and a dynamical contribution
is necessary to reproduce in a unified picture both absorption and steady
state emission spectra.

The model is extended to address time-resolved emission. Relaxation of
the polar environment, described with the Smoluchowski equation, is
included in the Redfield relaxation model for the dipolar dye presented
in chapter 1, leading to a mixed quantum-classical master equation. The
approach is validated in liquid solvent, where literature data about
solvent relaxation times are available and hence no additional fitting
parameters are needed. On this solid basis, the simulation of time-
resolved spectra of NR in mCBPCN and DPEPO gives a first reliable
estimate of relevant relaxation times. Indeed, a single relaxation time
is not enough to describe the matrix relaxation and a time-dependent
relaxation time must be introduced, meaning that the motion in solid
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matrices is not just slower than in liquid solvents, but has a different
nature.

In conclusion, a joint experimental and theoretical study is presented
that validates a reliable and effective approach to address the intricate
topic of solid state solvation, encompassing a wide range of spectral
properties. Experimental data, supported and elucidated by a detailed
theoretical model, definitely demonstrate that the dielectric relaxation in
polar amorphours matrices is not fully frozen and definitely occurs on
timescales that extend above 10 ns, with an overall sluggish relaxation of
DPEPO if compared with mCBPCN. The approach is easily generalized
to other types of matrices or media offering a useful characterization
tool to exploit solid state solvation towards optimized optoelectronic
devices.
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This chapter opens the second part of this thesis, dedicated to molecular
aggregates. Intermolecular interactions drive the collective behavior of
materials and play a pivotal role in defining the properties of molec-
ular aggregates, films and crystals. Charge generation and transport,
energy transfer, photophysical properties, exciton dynamics are just a
few phenomena governed by intermolecular interactions. Jelley and
Scheibe independently observed the aggregation-induced appearence
of an intense red-shifted band in the absorption spectrum of aggregates
of pseudoisocyanine chloride[161, 162] in seminal works that opened
a novel research field. Relying on the Frenkel and Davydov exciton
theory for molecular crystals,[163–165] McRae and Kasha developed a
unified theory[166–168] to explain the peculiar and diverse photophysics
of molecular aggregates, with the crucial classification of red-shifted
superradiant J-aggregates and blue-shifted non emissive H-aggregates
(where the shift is intended as the shift of the absorption spectrum of the
aggregate with respect to the absorption of the isolated monomer). In its
original formulation, Kasha theory only accounts for electronic degrees
of freedom and intermolecular interactions are treated as purely electro-
static interactions. As extensively reviewed by Hestand and Spano,[169]
the theory has been further developed to include intramolecular vibronic
coupling, typically described by the Frenkel-Holstein Hamiltonian, and
charge transfer intermolecular interactions, revealing an incredibly rich
and variegated array of possibilities beyond the original Kasha model.

In the first part of this chapter, Kasha theory and its extension to ac-
count for intramolecular vibronic coupling is presented, focusing on
the vibronic shape of absorption spectra of ideal H- and J-aggregates.
Aggregates of non-parallel molecules are then addressed. In particular, a
detailed discussion on the interplay between nearest neighbor and next-
nearest neighbor interactions in the definition of the vibronic features of
absorption spectra is proposed.

Among the most interesting and intriguing families of molecules whose
aggregates, thin films and crystals are fervently studied, squaraines
certainly represent a remarkable case. As it will be further discussed in
chapter 5, squaraine aggregates and thin films often provide challenging
case studies pushing forward theoretical research. Squaraines are �-
conjugated dyes constituted by a central electron acceptor unit derived
from the squaric acid and two variously decorated side branches acting
as energy donor groups arranged in a quadrupolar D-A-D structure.[170,
171] The great variability of possible decoration patterns offered by
organic synthesis makes the squaraine scaffold an ideal playground
for the engeneering of functional molecules for several applications in
different fields encompassing organic optoelectronics,[6–11] bioimaging[3,
4], xerography[172] and photodynamic therapy.[5]

SQIB (2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl]squaraine)
is a prototypical anilino squaraine decorated with branched isobutyl

Part of the work presented in this chapter was carried out during a stay at Temple University,
Philadelphia (PA), under the supervision of prof. Frank Spano.
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Figure 3.1: Sketches of the aggregate
ground state |ăð and of the local ex-
cited state |Ĥ = 2ð for a linear chain of
5 molecules, each circle representing a
molecular site.

alkyl side chains. SQIB thin films are easily grown from solution or
by vapor phase deposition and have been investigated for photovoltaic
applications.[30–37] Two SQIB polymorphs are known: a monoclinic
Č21/ę phase and an orthorhombic ČĘęĤ phase. Both phases have been
experimentally characterized[30, 32, 33, 173] and the selective growth
of crystalline thin films of the two polymorphs has been engineered by
controlling deposition conditions such as the nature and temperature of
the templating substrate and post-deposition annealing treatments.[31]
In the second part of the chapter, the Frenkel-Holstein Hamiltonian
is used to simulate polarized absorbance spectra of thin films of both
polymorphs supporting the interpretation of experimental data and
getting insights on the physics of these systems.

The chapter is structured as follows: in section 3.1 Kasha theory for ideal
H- and J-aggregates is briefly exposed, together with the effects of the
inclusion of intramolecular vibronic coupling. In section 3.2 aggregates
of non-parallel molecules are investigated, with a particular focus on
the role played by next-nearest neighbor interactions in affecting the
vibronic structure of the absorption spectrum. Section 3.3 is then devoted
to the simulation of polarized absorption spectra of thin films of the SQIB
orthorhombic and monoclinic phases. Section 3.4 finally concludes the
chapter.

3.1 Vibronic signatures of ideal H and J

aggregates

3.1.1 Kasha theory

Kasha theory[166–168] considers Coulomb coupling as the only source
of intermolecular interaction and, in its simplest formulation, accounts
for a single excited state for each molecule. Since electrons are localized
on the molecular sites, a convenient basis to describe the aggregate is
obtained as the direct product of molecular states. As sketched in figure
3.1, for a system of Ċ-coupled chromophores the aggregate ground state
|ăð is trivially defined as the state where each molecule is in its ground
state ĝ, while state |Ĥð (with Ĥ ranging from 1 to Ċ) represent a state
where the Ĥ-th molecule is in the excited state ě, all other molecules
remaining in the ground state ĝ. The Heitler-London approximation is
then invoked,[165, 174] that in the hypothesis of small coupling considers
only interactions among degenerate states. Only the subspace of the
Ċ local excitations {|Ĥð} is therefore considered, and on this basis the
Frenkel exciton Hamiltonian reads:

Ą = āĉ +
∑

ģ,Ĥ

Ćģ,Ĥ |ģðïĤ |. (3.1)

The site excitation energy āĉ is defined as āĉ = ā0
ĉ

+ Ā, where ā0
ĉ

is the energy of the ď0 → ď1 transition of the isolated molecule and
Ā is the gas-to-crystal shift, representing a correction to the gas-phase
excitation energy of the monomer due to non-resonant interactions with
the other molecules of the aggregate. As mentioned above, the resonant
intermolecular interactions Ćģ,Ĥ are typically evaluated as the Coulomb



3.1 Vibronic signatures of ideal H and J aggregates 55

Figure 3.2: Top: side-by-side and head-
to-tail arrangements of molecules, inter-
acting respectively with a positive and
negative Coulomb coupling. Bottom: in-
phase (ġ = 0) and out-of-phase (ġ = �)
combination of transition dipoles for the
two arrangements shown above.
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Figure 3.3: (a) Dispersion relations for a
linear H-aggregate (Ćÿ > 0 blue curve)
and J-aggregate (Ćÿ < 0, red curve).
Filled circles mark the bright (ġ = 0)
states. Black dashed line indicates āĉ ,
set as the zero of the energy scale. (b) Ab-
sorption spectra of the isolated monomer
(black dashed line), H-aggregate (blue
line) and J-aggregate (red line). Gaus-
sian bandshapes with standard deviation
� = Ćÿ are assigned to every transition.

interaction between the transition dipole moments on molecule Ĥ and
ģ. In the simplest flavour of Kasha theory, they are treated in the point
dipole approximation. Accordingly:

Ćģ,Ĥ =
®�Ĥ ®�ģ − 3(®�Ĥ · Ĩ̂)(®�ģ · Ĩ̂)

4��Ĩ3
(3.2)

where ®�Ĥ is the transition dipole moment for the ď0 → ď1 transition on
the Ĥ-th molecule, ®Ĩ = ĨĨ̂ is the vector connecting the two point dipoles
(Ĩ being the magnitude and Ĩ̂ the versor) and � is the dielectric constant
of the medium. Considering the two limiting geometries (dubbed as
side-by-side and head-to-tail arrangements) sketched in figure 3.2 (where
each ellipse represents a molecule with the transition dipole moment
oscillating along the long molecular axis), eq. 3.2 gives for in-phase
oscillating dipoles a positive Coulomb coupling in the former case and a
negative coupling in the latter.

If periodic boundary conditions are applied, solutions of the Hamiltonian
3.1 are wavelike excitons:

|ġð = 1√
Ċ

∑

Ĥ

ě ğġĤ |Ĥð (3.3)

where ġ is the wave vector ġ = 0,±2�/Ċ ,±4�/Ċ , ... , �, with ġ = 0

and ġ = � defining the states where all local transition dipole moments
oscillate in-phase and out-of-phase, respectively, as sketched in figure
3.2. A selection rule in optical spectroscopy states that only states at
ġ = 0 are active. States at ġ = 0 actually bear all oscillator strength, with
a total transition dipole moment from the ground state scaling as

√
Ċ ®�

(where ®� is the transition dipole moment of the monomer).[167] For
all other ġ values, contributions with opposite sign cancel out giving a
vanishing total transition dipole moment. The energy associated with
the ġ-th eigenstate is:

āġ = āĉ + Ćġ (3.4)

with
Ćġ =

∑

Ĥ

Ćģ,Ĥ cos [ġ(Ĥ − ģ)] (3.5)

where the sum is independent of ģ due to the periodic boundary
conditions. Often, only nearest-neighbor coupling Ćÿ is accounted for (a
good approximation for linear aggregates). In this case, the dispersion
relation reads:

āġ = āĉ + 2Ćÿ cos(ġ) (3.6)

defining a band with a width ē = |Ćġ=0 − Ćġ=� | = 4|Ćÿ |.
Eq. 3.6 highlights the role of the sign of the Coulomb coupling in the
definition of the electronic band structure of the aggregate and hence of
its photophysics. Figure 3.3 shows in panel a the dispersion relation for
positive and negative Ćÿ (blue and red curves, respectively), where filled
circles mark the bright states at ġ = 0. In a so-called H-aggregate[175–183]
(often associated with a side-by-side geometry) a positive interaction
Ćÿ > 0 sets the bright state at ġ = 0 at the band top and the dark state at
ġ = � at the band bottom. This shows up with an absorption spectrum
blue-shifted with respect to the monomer and a suppressed emission
(according to the Kasha rule, emission comes from the lowest energy
excited state[184], that for H-aggregates is a dark ġ = � state). On the
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Figure 3.4: Displaced potential energy
curves along the nuclear coordinate č
for the ground ď0 and excited ď1 states
for a single molecule.

contrary, a negative interaction Ćÿ < 0 (often associated with a head-
to-tail geometry) defines a so-called J-aggregate[161, 185–189], where
the bright state at ġ = 0 is located at the band bottom, resulting in a
red-shifted absorption spectrum with respect to the monomer and an
emission radiative rate (that scales as the the square of the transition
dipole moment) enhanced by a factor of Ċ with respect to the monomer
(a feature usually referred to as superradiance).

Relying on the Kasha model, aggregates are classified as H- and J-
aggregates with reference to the absorption spectrum being blue- and
red-shifted with respect to the monomer. In particular, if Ā = 0 the
absorption spectrum of a H- and J-aggregate is respectively blue- and
red-shifted with respect to the monomer by 2|Ćÿ | (as reported in panel
b of figure 3.3). This, however, can lead to ambiguous scenarios, for
example, if the gas-to-crystal shift Ā is larger than the shift due to the
Coulomb coupling Ćÿ (|Ā | > 2|Ćÿ |). Actually, the world of molecular
aggregation offers a much more diversified landscape with respect to
the guidelines offered by Kasha theory,[169] whose main limitations
arise from neglecting vibronic coupling and limiting intermolecular
interactions to the purely electrostatic Coulomb coupling within the
framework of the Heitler-London approximation. In the next section,
intramolecular vibronic coupling is introduced, showing how vibronic
signatures arising from intermolecular interactions display different
features in H- and J-aggregates and constituite a much more reliable
signature for the type of aggregation than the spectral shifts.[169, 190]

3.1.2 Accounting for vibronic effects

The Frenkel-Holstein Hamiltonian

In the landscape of molecular aggregates, a prominent role is played by �-
conjugated molecules because of the great variety of aggregation patterns
driven by �-stack interactions. In the majority of �-conjugated molecules,
the ď0 → ď1 electronic transition is coupled to few nuclear coordinates,
like the symmetric vinyl stretching mode or the aromatic-quinoidal
stretching mode in ring systems. The intramolecular vibronic coupling
has a great impact on the monomer spectra, where it is responsible for
the vibronic progression in absorption and emission bands. Vibronic
coupling in the isolated molecule is typically modeled collapsing all
coupled nuclear coordinates into a single effective harmonic coordinate
č with frequency $ĬğĘ , generally in the ∼ 0.15 − 0.18 eV range (here and
hereinafter in this chapter ℏ is set to 1). The two electronic states ď0 and
ď1 are therefore assigned two harmonic potential energy curves along
the nuclear coordinate, mutually shifted by �č. The vertical excitation
ď0 → ď1 energy can be written as $00 + �2$ĬğĘ , where $00 is the energy
difference between the two minima and �2$ĬğĘ is the nuclear relaxation
energy, as shown in figure 3.4. The amount of vibronic coupling is
determined by the dimensionless Huang-Rys factor �2, that defines the
number of vibrational quanta in the relaxation energy.

Assuming that the only populated state at thermal equilibrium at room
temperature is the lowest energy state of the ď0 manifold (i. e. the
state bearing no vibrational quanta), the absorption spectrum of a single
molecule shows a vibronic progression where each vibronic peak (labelled



3.1 Vibronic signatures of ideal H and J aggregates 57

as 0�̃) correspond to the transition between the ground state and the ď1

state bearing �̃ vibrational quanta. The vibronic peaks are spaced by $ĬğĘ

and their intensities are dictated by the Poissonian distribution defined
by the Frank-Condon factors:

|ï�̃ |0ð|2 =
ě−�

2
�2�̃

�̃!
. (3.7)

Eq. 3.7 can be used to derive the ratio between the 00 and 01 vibronic
peak intensities, that results to be ą00/ą01 = 1/�2. The first two peaks
have therefore the same intensity when �2 = 1.

Intramolecular vibronic coupling can be introduced in the aggregate
Hamiltonian in eq. 3.1 to obtain the celebrated Frenkel-Holstein (FH)
Hamiltonian:[25–29]

ĄĂĄ =$̃00 +
∑

ģ,Ĥ

Ćģ,Ĥ |ģðïĤ | + $ĬğĘ

∑

Ĥ

Ę ĤĘĤ

+ $ĬğĘ

∑

Ĥ

{�(Ę Ĥ + ĘĤ) + �2}|ĤðïĤ |
(3.8)

where, in analogy with eq. 3.1, the site excitation energy is defined as
$̃00 = $00 + Ā, with $00 defined as in figure 3.4 and Ā being the gas-
to-crystal shift. The bosonic operators Ę Ĥ and ĘĤ create and annihilate,
respectively, a vibrational quantum in the ď0 harmonic potential and the
last term in eq. 3.8 represents the shift of the ď1 potential.

To calculate absorption spectra the transition dipole moment operator is
defined as:

®̂ĉ =
∑

Ĥ

®�Ĥ{|ăðïĤ | + |Ĥðïă |} (3.9)

where ®�Ĥ is the transition dipole moment of the isolated Ĥ-th molecule
and |ăð and |Ĥð are the aggregate ground state and local excites states as
defined in section 3.1.1. Absorption spectra (normalized on the number
of molecules) are hence obtained as:

ý($) = 1

Ċ | ®�|2
∑

ğ

|ïă | ®̂ĉ |ğð|2ď($ − $ğ) (3.10)

where |ğð are the eigenstates of the FH Hamiltonian with energies $ğ

and ď($ − $ğ) is a function defining the bandshape associated to each
transition. Following Fulton and Gouterman,[191] in eq. 3.10 the $ğ

dependence of the oscillator strength $ğ |ïă | ®̂ĉ |ğð|2 is dropped thus
defining the so-called "reduced" absorption spectrum, referred to in this
chapter simply as the absorption spectrum. This is done to recover the
sum rule that states that the total oscillator strength must be conserved.
The sum rule is naturally recovered when releasing the Heitler-London
approximation.[174] However, when looking at narrow spectral windows,
as it is the case in this chapter, the inclusion of the $ğ dependence of
the oscillator strength yields negligible deviations with respect to the
reduced spectrum.
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Figure 3.5: Top: one-particle state with
a vibronic excitation on chromophore Ĥ
bearing �̃ = 2 vibrational quanta. Bot-
tom: two-particles state with a vibronic
excitation on chromophore Ĥ bearing
�̃ = 2 vibrational quanta and a purely
vibrational excitation on chromophore
Ĥ′ bearing � = 1 vibrational quantum.

The multiparticle basis set

Different basis sets can be adopted to represent the Frenkel-Holstein
Hamiltonian in eq. 3.8. In the very strong coupling regime (ē k �2$ĬğĘ)
the wisest choice is the exciton-phonon representation, where both
electronic and nuclear degrees of freedom are represented as wavelike
delocalized excitations.[28, 169, 192] In the weak to intermediate coupling
regime (ē f̃�2$ĬğĘ) an accurate representation is obtained exploiting
the so-called multiparticle basis set.[169, 190, 193] In this context, a
particle is defined as a localized excitation of whatever nature, i. e.
either a vibronic excitation or a purely vibrational one. Since the Heitler-
London approximation is adopted,[165, 174] a single local vibronic
excitation is present, so that a ģ-particles state is a state where one
chromopore is vibronically excited andģ−1 chromophores carry a purely
vibrational excitation. A two-particles state, for example, is indicated as
|Ĥ, �̃; Ĥ′, �ð, where the chromophore Ĥ bears a vibronic excitation with �̃
vibrational quanta in the ď1 potential well (with �̃ g 0, where the equality
describes a purely electronic excitation) and chromophore Ĥ′ bears a
purely vibrational excitation with � vibrational quanta (with � > 0). If
� = 0, the state clearly reduces to the one-particle state |Ĥ, �̃ð. Figure 3.5
shows sketches of a one-particle and a two-particles state for a linear
chain of chromophores.

The approach is very versatile and allows to effectively reduce the dimen-
sion of the basis set by including only the relevant states for the system
at hand. Generally, only states with a fixed total number of vibrational
quanta are accounted for, such that �̃ + ∑

ğ �ğ f �ģėĮ , with ğ running
over the vibrational particles. The �ģėĮ needed to reach convergence
depends on �2 and increases for strongly vibronically coupled systems,
but normally does not exceed 6-7. For very weak intermolecular cou-
pling (ē j �2$ĬğĘ) one particle states are sufficient for an accurate
description, and with increasing coupling strength, states with a higher
number of particles can be progressively introduced. Moreover, if only
nearest neighbor coupling is considered, purely vibrational particles can
be restricted to reside on chromophores Ĥ ± 1 (being Ĥ the vibronically
excited chromophore).

Vibronic signatures

As for the isolated molecule, the inclusion of vibronic coupling generates
a progression of states among which the total oscillator strength is
redistributed. In particular, for an aggregate in the weak coupling regime
(ē < �2$ĬğĘ) a series of bands appears at higher energies with respect to
the purely electronic band reported in figure 3.3, spaced approximately
by one vibrational quantum. Useful hints on the role that intramolecular
vibronic coupling has in reshaping the structure of the exciton bands in
aggregates can be obtained treating the resonant intermolecular Coulomb
coupling in the Hamiltonian 3.8 as a perturbation.[194] Clearly, the results
obtained with the perturbative treatment are only reliable in the limit of
weak coupling, and significant deviations emerge for increasing coupling
strength (ē k �2$ĬğĘ). A first result is that the exciton bandwidth is
renormalized due to vibronic coupling according to the Huang-Rys factor
�2 asēě−�

2
. The same perturbative treatment leads also to the celebrated
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Figure 3.6: Absorption spectra for J- and
H-aggregates for increasing |Ćÿ | (panels
a, b, c and d, e, f, respectively). A linear
chain of 10 molecules is considered, pe-
riodic boundary conditions are adopted.
�2 = 1, monomer absorption is reported
as a gray dashed line. Up to two parti-
cles states are used, fixing �ģėĮ = 6. A
gaussian bandshape is assigned to every
transition with a standard deviation of
� = 0.35$ĬğĘ .

ratio rule,[169, 190, 194] that gives an expression for the ratio between the
intensity of the first and the second transition of the vibronic progression
(dubbed as ý1 and ý2 respectively):

ĎėĘĩ =
ąý1

ąý2

≈

[

1 − ě−�
2
ă(0;�2)Ćġ=0/$ĬğĘ

]2

�2
[

1 − ě−�2ă(1;�2)Ćġ=0/$ĬğĘ

]2
(3.11)

with

ă(�Ī ;�2) =
∑

ī≠�Ī

�2ī

ī!(ī − �Ī)
. (3.12)

For �2 < 3.26 (i. e. for all significantly coupled vibrational modes in
organic molecules), ă(1;�2) < ă(0;�2). In this regime, for Ćġ=0 < 0 (J-
aggregates) the ratio is higher than in the isolated monomer (ĎėĘĩ > 1/�2)
and increases with increasing exciton coupling, while for Ćġ=0 > 0 (H-
aggregates) the ratio is lower than in the isolated monomer (ĎėĘĩ < 1/�2)
and decreases with increasing exciton coupling.

Figure 3.6 shows how the absorption spectrum varies with the strength
of the exciton coupling. The numerical results are obtained for a linear
aggregate of 10 chromophores where only nearest neighbor interactions
Ćÿ are included and periodic boundary conditions are applied. A basis set
including up to two-particles states is used, with a maximum number of
vibrational quanta fixed to �ģėĮ = 6. The Huang-Rys factor is set to�2 = 1

as to make more evident the deviations from the vibronic progression
of the isolated monomer absorption (reported for reference as a gray
dashed line). Panels a, b and c show how for a J-aggregate the spectrum
progressively red-shifts with increasing |Ćÿ | and concurrently the ratio
between the first two vibronic peaks ąý1/ąý2 increases. Opposedly, for a
H-aggregate the spectrum progressively blue-shifts with increasing |Ćÿ |
and the ratio ąý1/ąý2 decreases. Together with the changes in intensity
of the vibronic peaks with respect to the monomer, excitonic coupling
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Figure 3.7: Sketch representation of a
linear chain of non-parallel molecules.
Dashed horizontal line indicates the ag-
gregate long axis (Į direction in the de-
fined reference frame).
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Figure 3.8: (a) Dispersion relation for a
linear side-by-side arrangement of tran-
sition dipole moments with a single
molecule per unit cell for Ćÿ > 0 (H-
aggregate). (b) Dispersion relation for a
linear arrangement of non-parallel transi-
tion dipole moments with two molecules
per unit cell for Ćÿ > 0. Polarization on
the two bright transitions are indicated
with the blue and red arrows. In both
panels the horizontal gray dashed line
indicates āĉ , set as the zero of the en-
ergy scale. Black boxes indicate the unit
cells. Filled circles mark the bright states,
in (a) the empty circle marks the dark
ġ′ = � state.

also slightly perturbes their regular spacing. The effect is more evident
in H-aggregates.

3.2 Davydov splitting and vibronic signatures

of the Davydov components: the role of

next-nearest neighbor interactions

3.2.1 The electronic picture

In the previous section, ideal linear aggregates where all the molecules
are translationally equivalent and aligned in the same direction have
been considered. In this geometry, all transition dipole moments are
parallel and a single molecule is present in each unit cell so that a single
band is formed, with only one optically allowed state at ġ = 0. However,
if local transition dipole moments are non-parallel, as for example in
figure 3.7, the presence of two molecules per unit cell gives rise to two
bands, so that two ġ = 0 states are optically allowed.[164, 166]

The specific case of a linear chain with two symmetrically equivalent
molecules per primitive unit cell is considered here. In each primitive
unit cell the two translationally non-equivalent molecules are tilted by an
angle 
, as in figure 3.7. Doubling the dimension of the unit cell implies
halving the Brillouin zone, with the new wavevector ġ = 2ġ′, where ġ′

is the wavevector of the ideal aggregate with a single molecule per unit
cell. If intermolecular interactions are retained and only the orientation
of the molecules is changed as to have two molecules per unit cell, the
electronic band structure of the aggregate stay unchanged but the band
in ġ′ folds in the new Brillouin zone originating 2 bands, as depicted in
figure 3.8 for the case of Ćÿ > 0. The two bands are commonly referred
to as the upper (đ) and lower (Ĉ) band with reference to their energy.
Two optically active states at ġ = 0 are now present. For the system in
figure 3.7, with Ćÿ > 0, the state belonging to the upper band has a
transition dipole moment proportional to ®�1 + ®�2 (®�1 and ®�2 being the
two molecular transition dipole moments within the unit cells) and it is
therefore polarized perpendicular to the aggregate long axis (į direction
according to the reference frame defined in figure 3.7) with an oscillator
strength proportional to | ®�1+ ®�2 |2. The active state belonging to the lower
band has instead a transition dipole moment proportional to ®�1 − ®�2 and
therefore a polarization along the aggregate axis (Į direction) and an
oscillator strength proportional to | ®�1 − ®�2 |2.

The two orthogonally polarized transitions originating from the non
parallel alignment of the molecular transition dipole moments are called
the two Davydov components of the absorption spectrum, and the
energy difference between the maxima of the two components is called
the Davydov splitting.[30, 31, 164, 169, 195–200] The relative intensity of
the two Davydov components is determined by the vectorial sum and
difference between ®�1 and ®�2, and therefore depends on the angle 
: if

 = 45° the two components have the same oscillator strength, if 
 > 45°

the į-polarized component is more intense and vice versa if 
 < 45° the
more intense is the Į-polarized one.
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Figure 3.9: Band structures for lin-
ear aggregates with two non-parallel
molecules per unit cell, including both
nearest neighbor (Ćÿ ) and next-nearest
neighbor (Ć′

ÿ
) coupling for Ćÿ > 0 and

Ć′
ÿ
= −2Ćÿ (a), Ć′

ÿ
= 0 (b) and Ć′

ÿ
= 2Ćÿ (c).

Horizontal gray dashed lines mark the
position of āĉ , set as the zero of energy.
Bottom panels report relative polarized
absorption spectra obtained assigning a
gaussian bandshape with � = Ćÿ to each
transition.

The sign of Ćÿ is crucial in aggregates with parallel transition dipole
moments since it defines the H- or J-ness nature of the aggregate. For
non-parallel transition dipole moments, the distinction between H- and
J-aggregates fades. The sign of Ćÿ still determines the energy ordering of
the bands, but since both the states at ġ = 0 are bright, its spectroscopic
consequences are less prominent. Specifically, if Ćÿ > 0 the higher and
lower energy transitions are polarized along į and Į, respectively, the
opposite being true for Ćÿ < 0. If there is a clear dominance of one of the
two components in the absorption spectrum, the aggregate is however
still referred to as a H-type/H-like or J-type/J-like aggregate depending
on the position of the dominant peak. The two limiting cases of ideal
side-by-side H-aggregate and head-to-tail J-aggregate are recovered for

 = 90° and 
 = 0°, respectively.

So far a system with two molecules per unit cell have been discussed,
only accounting for nearest neighbor coupling. Accounting only for
nearest neighbor interactions is usually a good approximation for linear
aggregates, but sometimes also next-nearest neighbor interactions are
sizable and can even prevail over the nearest neighbor ones.[201] The band
structure in figure 3.8 is replicated in panel b of figure 3.9. Panel e in the
same figure shows the absorption spectrum along the two polarization
directions with monomer absorption falling exactly in between. The
angle 
 is set to 45° as to have the two polarized components with the
same intensity. These results are now compared with results obtained
accounting for next-nearest neighbor interactions.

In addiction to the nearest neighbor coupling Ćÿ between two trans-
lationally inequivalent molecules, the next-nearest neighbor coupling
Ć′
ÿ

between translationally equivalent molecules is now introduced. If
next-nearest neighbor interactions Ć′

ÿ
are included, the band structure

undergoes significant changes. In the case of two non-parallel molecules
per unit cell the dispersion relation in eq. 3.5 become for the two bands
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(dubbed as 1 and 2):

Ćġ,1 =
∑

Ĥ

Ćģ,Ĥ cos [ġ′(Ĥ − ģ)] (3.13)

Ćġ,2 =
∑

Ĥ

Ćģ,Ĥ cos [(ġ′ − �)(Ĥ − ģ)] . (3.14)

Considering nearest neighbor Ćÿ and next-nearest neighbor Ć′
ÿ

interac-
tions, eqs. 3.13 and 3.14 become:

Ćġ,1 = 2Ćÿ cos(ġ′) + 2Ć′ÿ cos(2ġ′) (3.15)

Ćġ,2 = 2Ćÿ cos(ġ′ − �) + 2Ć′ÿ cos [2(ġ′ − �)] (3.16)

so that at ġ = 0 the free exciton shifts with respect to the monomer site
energy āĉ are Ćġ=0,1 = 2

(

Ć′
ÿ
+ Ćÿ

)

and Ćġ=0,2 = 2
(

Ć′
ÿ
− Ćÿ

)

. A positive
nearest neighbor coupling Ćÿ > 0 defines the Ćġ,1 band as the upper
band and Ćġ,2 band as the lower band setting the į-polarized and the
Į-polarized states as the upper and lower Davydov components, respec-
tively, and vice versa for Ćÿ < 0. The free exciton shifts of the upper and
lower bright states are dubbed as Ćđ and ĆĈ. Interestingly, the Davydov
splitting Ćđ − ĆĈ = 4|Ćÿ | only depends on Ćÿ , while Ć′

ÿ
affects the position

of the two components with respect to āĉ , with the central frequency
(Ćđ − ĆĈ)/2 being shifted by 2Ć′

ÿ
. It follows that if |Ć′

ÿ
| > |Ćÿ | both the

components can be (depending on the sign of Ć′
ÿ

) either red-shifted or
blue-shifted with respect to āĉ , as shown in figure 3.9, where panels a,
b and c show the band structure of an aggregate with Ć′

ÿ
= −2Ćÿ , Ć′

ÿ
= 0

and Ć′
ÿ
= 2Ćÿ , respectively, with Ćÿ > 0. Panels d, e and f show relative

polarized absorption spectra, setting the monomer excitation energy āĉ

to zero. The monomer normalized absorption spectrum is shown as a
gray dashed line in the figure.

3.2.2 Vibronic signatures

As for ideal aggregates with parallel transition dipole moments, vi-
bronic coupling affects the bandshapes of absorption spectra. The same
perturbative treatment that lead to eq. 3.11 gives:

Ď
đ/Ĉ
ėĘĩ

≈

[

1 − ě−�
2
ă(0;�2)Ćđ/Ĉ/$ĬğĘ

]2

�2
[

1 − ě−�2ă(1;�2)Ćđ/Ĉ/$ĬğĘ

]2
(3.17)

where the H- or J-like nature of the vibronic signatures of the two
components is determined by the spectral shifts Ćđ and ĆĈ. When |Ć′

ÿ
| <

|Ćÿ |, Ćđ and ĆĈ have opposite signs and define a blue-shifted component
displaying a H-like vibronic structure and a red-shifted component with
a J-like vibronic structure. Instead, if |Ć′

ÿ
| > |Ćÿ | and Ć′

ÿ
< 0 both Ćđ and

ĆĈ are negative and give rise to two red-shifted J-like components, while
for Ć′

ÿ
> 0 both Ćđ and ĆĈ are positive and originate two blue-shifted

H-like components. For |Ć′
ÿ
| = |Ćÿ | the system crosses a so called "null

point" where, depending on the sign of Ć′
ÿ

, either the upper or the lower
component has a vanishing spectral shift, that shows up with an unaltered
vibronic structure with respect to the monomer. Once again, since the
ratio rule in eq. 3.17 is based on a perturbative treatment, it is strictly
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Figure 3.11: Molecular structure of
SQIB (2,4-bis[4-(N,N-diisobutylamino)-
2,6-dihydroxyphenyl]squaraine).

valid in the the weak coupling regime. Deviations in the positions of the
null points may arise for increasing exciton coupling.
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Figure 3.10: Absorption spectra for linear
aggregates of 10 non parallel molecules
(5 unit cells) accounting for nearest neigh-
bor (Ćÿ ) and next-nearest neighbor (Ć′

ÿ
)

coupling (values used are specified in
the panels) and intramolecular vibronic
coupling. $ĬğĘ is taken as unity. Peri-
odic boundary conditions are adopted
and gaussian lineshapes are used with
� = 0.25$ĬğĘ .

Figure 3.10 shows numerical results for a linear aggregate of 10 molecules
(5 unit cells) arranged as in figure 3.7 with 
 = 45° and with periodic
boundary conditions. States with up to three-particles are included in
the basis set imposing �ģėĮ = 5. Ćÿ is positive and set to 0.1$ĬğĘ while Ć′

ÿ
is set to −2Ćÿ in panels a and b, Ć′

ÿ
= 0 in panels c and d and Ć′

ÿ
= 2Ćÿ in

panels e and f. Top panels show the Į-polarized lower component and
bottom panels show the į-polarized upper component of the relevant
aggregate. As in figure 3.6, �2 is set to 1 and monomer absorption is
reported in gray dashed line. Panels c-d shows the more typical case of a
J-like and a H-like component, while in panels a-b and e-f two J-like and
H-like components can be respectively observed.

Results in figure 3.10 confirm is that the H- or J-like nature of the
Davydov components is determined by their free exciton shift and not
by their relative energy ordering. In the majority of cases the lower
(upper) component displays J-like (H-like) features, but depending on
the weight of next-nearest neighbor interactions cases may occur where
both components share the same nature.

3.3 SQIB crystals: an interesting case study

In this section, the Frenkel-Holstein Hamiltonian is applied to the case of
crystalline thin films grown in the orthorhombic and monoclinic phases of
SQIB (2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squaraine,
molecular structure in figure 3.11). The crystallographic parameters of the
two polymorphs are reported in table 3.1. The monoclinic (orthorhombic)
phase has two (four) symmetrically equivalent non-parallel molecules
per unit cell, supporting Davydov splitting. Crystalline thin films of both
polymorphs have been characterized via polarization resolved spectro-
microscopy techniques and imaging Mueller matrix ellipsometry[30–33]
offering an interesting case study in the Davydov landscape. Polarized
absorbance spectra are simulated to support the interpretation of ex-
perimental data and to obtain insights on the structure of the Davydov
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Table 3.1: Unit cell parameters for SQIB
single crystals, taken from ref.[30].

polymorph a (Å) b (Å) c (Å) � (°) Z
monoclinic 6.1979(2) 16.4874(6) 15.4762(5) 111.248(2) 2

orthorhombic 15.0453(8) 18.2202(10) 10.7973(6) 90 4

Figure 3.12: Representation of a 2-
particles state at ġ = 0 in a monodi-
mensional array of unit cells, each unit
cell accomodating 4 molecules. Blue cir-
cles represent molecules in their ground
state, yellow stars molecules in a vi-
bronic excited state and yellow diamonds
molecules with a purely vibrational ex-
citation. The represented state is |Ĥ =

3, �̃; Ĥ′ = 2ĩ=1 , �ðġ=0.

components. An interesting picture emerges, with the monoclinic phase
displaying two H-like components and the orthorhombic phase repre-
senting one of the very rare cases in which three Davydov components
are clearly observed.

SQIB molecular parameters entering the Hamiltonian 3.8 are extracted
from the absorption spectrum of the isolated molecule in chloroform and
are fixed to $00 = 1.91 eV, $ĬğĘ = 0.15 eV and �2 = 0.12. In the crystal
packing of both polymorphs, intermolecular distances between nearest
neighbor molecules are shorter than the dimension of the molecules them-
selves, making the point dipole approximation inadequate. Therefore,
the couplings Ćģ,Ĥ entering eq. 3.8 are calculated from transition atomic
charges obtained via Mulliken population analysis (MPA). A single point
TDDFT calculation is performed using the Gaussian 16 package on the
gas phase monomer in the geometry extracted from the crystal structure.
The functional CAM-B3LYP is used and def2-TZVP is chosen as basis set.
The atomic MPA transition charges relevant to the transition towards the
first singlet excited state ď1 are then used to evaluate the Ćģ,Ĥ interaction
as follows:

Ćģ,Ĥ =
1

4��0�

∑

ğ , Ġ

ħĪ
ğ,ģ

ħĪ
Ġ,Ĥ

|Ĩğ ,Ĥ − Ĩ Ġ ,ģ |
(3.18)

where ğ and Ġ run over the atoms of chromophore Ĥ and ģ, respectively,
ħĪ
ğ,ģ

is the MPA transition charge on atom ğ on molecule ģ and Ĩğ ,ģ is
the corresponding position. Finally, �0 is the vacuum permittivity and �
is the dielectric constant of the medium.

The Frenkel-Holstein Hamiltonian in eq. 3.8 is represented with the
multiparticle basis with up to two-particles states. Performing a complete
multiparticle calculation over a portion of a crystal is impossible due
to the dimension of the basis set. Translational symmetry is therefore
exploited working in the subspace at ġ = 0.

For a crystal with Ċ molecules per unit cell there are Ċ purely electronic
states at ġ = 0 defined as:

|Ĥðġ=0 =
1√
ý

ý
∑


=1

|Ĥ
ð (3.19)

where Ĥ ranges from 1 to Ċ and 
 runs over the unit cells (ý being the
total number of cells). The state |Ĥ
ð therefore represents a state where
the excitation resides on the Ĥ-th molecule of the 
-th unit cell and all
other molecules in the crystal are in the ground state. Equation 3.19 is
easily extended to one-particle states:

|Ĥ, �̃ðġ=0 =
1√
ý

ý
∑


=1

|Ĥ
 , �̃ð (3.20)

where �̃ is the number of vibrational quanta in the excited state of
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chromophore Ĥ
 . A two-particles state in the ġ = 0 space is defined as:

|Ĥ, �̃; Ĥ′
ĩ , �ðġ=0 =

1√
ý

ý
∑


=1

|Ĥ
 , �̃; Ĥ′

+ĩ , �ð (3.21)

where both Ĥ and Ĥ′ range from 1 to N and ĩ is an integer number
(ranging from 0 to ý − 1) defining the distance between the unit cell that
accomodates the vibronic excitation and the one accomodating the purely
vibrational one. |Ĥ
 , �̃; Ĥ′


+ĩ , �ð indicates a state where chromophore Ĥ in
the 
-th unit cell is vibronically excited, and a pure vibrational excitation
is on chromophore Ĥ′ in the (
 + ĩ)-th cell. Clearly if ĩ = 0, Ĥ ≠ Ĥ′.
The states where the pair of vibronic and vibrational particles is rigidly
translated are combined to give the ġ = 0 state |Ĥ, �̃; Ĥ′

ĩ , �ðġ=0. A sketch
of a two particle state in a monodimensional array of unit cells with 4
molecules per cell is shown in figure 3.12, where blue circles represent
molecules in their ground state and yellow stars and squares represent
vibronically and vibrationally excited molecules, respectively. To further
reduce the dimension of the basis, ĩ is restricted to range from −ĩģėĮ

to +ĩģėĮ . To treat a three-dimensional lattice ý and ĩģėĮ are defined
along the three crystallographic directions a, b and c. In the following
ýė = ýĘ = ýę = ý and ĩģėĮė = ĩģėĮĘ = ĩģėĮę = ĩģėĮ . Periodic boundary
conditions are adopted and ý, ĩģėĮ and the maximum of total vibrational
excitation �ģėĮ = �̃ + � are set high enough as to ensure convergence.

3.3.1 The orthorhombic polymorph: observing three

Davydov components

The orthorhombic polymorph (unit cell parameters in table 3.1, structure
in figure 3.13) crystallizes adopting a cofacial herringbone packing with a
�-stacking along the ę-axis, where consecutive molecules are alternatively
rotated as shown in the middle panel of figure 3.13. Crystalline thin films
of the orthorhombic polymorph grow with the (110) surface (or (11̄0)
and mirror faces) parallel to the substrate. The (110) face is represented
in figure 3.13 with the cyan plane as to indicate the orientation of the
unit cell and of the molecules with respect to the exposed surface of
the film. Films are composed of large platelets-like crystalline domains
with dimensions of the order of ∼ 200�m.[30–33] Intermolecular charge
transfer interactions between donor and acceptor moieties of nearby
molecules can be disregarded in view of the packing geometry.

Since there are four molecules in the unit cell, it is not possible to gain
information about the orientation of the Davydov components relying
on the simple consideration of summing and subtracting the transition
dipole moment vectors. Symmetry considerations help to address the
issue. The isolated SQIB molecule belongs to the Ā2ℎ point group, with
the ď0 → ď1 transition having þ1ī symmetry (the z-axis is oriented along
the long molecular axis). In the crystal, each molecule lie on a center of
inversion, acquiring a site symmetry ÿğ : the ď0 → ď1 transition belongs
to the ýī representation in this group. In the ČĘęĤ space group the 4
ýī transitions recombine to give 4 states with symmetry ýī , þ1ī , þ2ī

and þ3ī . The state with symmetry ýī is optically inactive, while the
other three are mutually orthogonal and polarized along the a, b and c

crystallographic directions, respectively. The component polarized along
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Figure 3.13: SQIB orthorhombic polymorph. Molecular packing and relative orientation of the unit cell with respect to the exposed
surface of the film (i. e. the (110) face, indicated with the cyan plane). The arrows in the right panel indicate the orientation of the
projected Davydov components onto the film surface. Adapted from ref.[30].
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Figure 3.14: Simulated polarized absorp-
tion spectra for the SQIB orthorhom-
bic polymorph along the three orthogo-
nal crystallographic directions ė, Ę and
ę. Simulated monomer spectrum is re-
ported in gray dashed line as a reference.
Panel (a) shows results obtained with the
purely electronic Hamiltonian (i. e. the
Huang-Rys factor�2 is set to 0) and panel
(b) results obtained with the total FH
Hamiltonian with �2 = 0.12. Lorentzian
lineshapes with hwhm=0.02 eV are used.

c is completely projected on the surface of the film, being the c-axis
parallel to the exposed (110) face, while the other two components are
both projected along the orthogonal direction.

The orthorhombic phase of SQIB is a rare case of a crystal supporting
three distinct Davydov components. Strict symmetry requirements have
to be satisfied in order to display this very peculiar feature. Specifically,
the molecule must crystallize in a space group of the family of the
point groups Ā2 or Ā2ℎ , with 4 (or more) molecules per unit cell. Few
molecules are known fulfilling these requirements: solid benzene,[202]
9-cyanoantracene[203] and paracetamol,[204] but the lucky combination
of the crystallographic packing and orientation of the exposed surface
of the film makes orthorhombic SQIB the first case in which all three
components are experimentally accessible and have been detected.[30–
33]

Coulomb couplings Ćģ,Ĥ are calculated following eq. 3.18 and are shielded
with a dielectric constant of � = 4. The gas-to-crystal shift Ā is set to
-0.2 eV. Periodic boundary conditions are used fixing ý = 7 and up to
two-particle states are included in the basis set fixing ĩģėĮ = 1, meaning
that in all the crystallographic directions the purely vibrational excitation
can reside at most one unit cell away from the cell accomodating the
vibronic excitation. The total number of vibrational quanta is fixed to
�ģėĮ = 3. A Lorentzian bandshape is assigned to each transition.

Figure 3.14 shows calculated absorption spectra polarized along the three
crystallographic directions. In panel a the result of a purely electronic
simulation (�2 = 0) is reported, showing the lower component (LDC)
at 1.65 eV (748 nm) polarized along b, the very close in energy middle
component (MDC) at 1.67 eV (742 nm) polarized along a and the upper
component (UDC) at 1.96 eV (630 nm) polarized along c. Moreover, a
dark state is calculated at 1.77 eV (700 nm), marked in the figure with
a black star. Unfortunately, the dark state is not accessible neither in
one nor two photon absorption experiments. Both LDC and MCD are
red-shifted with respect to monomer absorption, while UDC is slightly
blue-shifted. The result is in very good agreement with experimental
data reported in ref.[32], with the additional information about the
location of the dark state. Note that in figure 3.14 the results are reported
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accounting also for the gas-to-crystal shift Ā, but even neglecting it the
relative shifts of the components with respect to monomer absorption
stay unchanged, with the upper component being blue-shifted and the
middle and lower components being red-shifted. This is confirmed by the
vibronic signatures that emerge when vibronic coupling is introduced
(�2 = 0.12). Panel b shows how LDC and MCD display J-like vibronic
signatures, while UDC displays prominent H-like features.

0

1

A
b

so
rb

an
ce

0°
90°

500 600 700 800
Wavelength (nm)

0

1

A
b

so
rp

ti
o

n
 (

a.
 u

.)

Polarizer
angle

Experiment

Simulation (b)

(a)

Figure 3.15: Top panels: experimental
polarized absorbance spectra of the or-
thorhombic SQIB polymorph thin film.
Bottom panels: corresponding simulated
polarized absorption spectra. In the left
panels selected spectra are reported. The
polarizer is rotated by 10° for every spec-
trum, ranging from ) = 0° (blue line, po-
larization aligned to the crystallographic
ę axis) to ) = 90° (yellow line, polar-
ization aligned to the projection of ė
and Ę onto the (110) plane). Right panels
show the maps for a complete 360° rota-
tion of the polarization, where the colors
code the spectrum intensity. Experimen-
tal data adapted from ref.[31].

Figure 3.15 shows experimental polarized absorbance spectra and corre-
sponding simulated absorption spectra. In panel a, selected experimental
spectra are reported where the sample is rotated with respect to the
polarization of incident light over 90° in steps of 10°, with the starting
point 0° fixed to the direction in which the upper peak displays its
maximum intensity (experimental data adapted from ref.[31]). Panel
b shows simulated polarized spectra for the oriented system with the
polarization angle ) defined as in the right panel of figure 3.13, with
) = 0° coinciding with the crystallographic c direction. Bandwidths are
taken as fitting parameters, specifically a half width at half maximum
of 0.135 eV is assigned to all transitions belonging to the UDC manifold
and 0.072 eV to all transitions belonging to the MDC and LDC manifolds.
When ) = 0° the UDC is captured and the MDC and LDC are completely
extinct, while for ) = 90° the projected MDC and LDC are detected
(even if they are not resolved due to their quasi degeneracy) and UDC
is completely extinct. Complete extinction of the components is not
observed in experimental data, a result most likely due to some degree of
orientational disorder. A clear isosbestic point due to the orthogonality of
the projected components is observed both in experiment and simulation.
Color maps to the right of figure 3.15 show the entire series of data and the
corresponding simulation where the polarization angle of incident light
is varied over 360° and the color scale codes for the spectrum intensity.
These panels show how the data set collected from ) = 0° to ) = 90° is
symmetric and reverse with respect to the one collected from ) = 90° to
) = 180°, and of course the whole data set is symmetric with respect to a
rotation of 180°. The excellent agreement between theory and experiment
supports the physical interpretation of the spectroscopic features of this
very interesting system, where Coulomb excitonic coupling generates
three mutually orthogonal Davydov components.
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Figure 3.16: SQIB monoclinic polymorph. Molecular packing and relative orientation of the unit cell with respect to the exposed surface
of the film (i. e. the (011) face, indicated with the cyan plane). The arrows in the right panel indicate the orientation of the projected
Davydov components onto the film surface. Adapted from ref.[30].

3.3.2 The monoclinic polymorph: two H-like components

The monoclinic polymorph (unit cell parameters in table 3.1) adopts a
herringbone packing in the Ęę plane and a slipped �-stacking along the
ė-axis. Molecular packing is shown in figure 3.16. The slip along the
�-stack displayed in the central panel of figure 3.16 allows to neglect (at
least in a first approximation) possible intermolecular charge transfer
interactions. Crystalline thin films of the monoclinic polymorph grow
with the (011) surface (or (01̄1) and mirror faces) parallel to the substrate
(cyan plane in figure 3.16).[30, 31]

The orientations of the two Davydov components can be obtained as the
sum and difference of the transition dipole moments of the two molecules
within a unit cell, as discussed in section 3.2.1, considering the transition
dipole moment of each molecule oriented along the long molecular axis.
One of the components is oriented along the crystallographic b axis
(i. e. perpendicular to the stack direction), with the other lying in the
orthogonal plane. When projected onto the surface of the film (the (011)
face) the two components form an angle of 55.2°, as shown by the two
arrows in the right panel of figure 3.16.

When deposited on a substrate, the monoclinic phase typically forms
sunflower-like structures with sub-�m crystalline domains, making
the spectroscopic characterization of the films a challenging task.[30]
Elongated crystallites with dimension of the order of 10-20 �m, allowing
for the measurement of polarized absorbance spectra with spectro-
microscopy techniques, have been obtained via organic molecular beam
deposition on the (001) surface of KCl at 120 °C.[31]

Figure 3.17 shows the results of the calculation, together with the compar-
ison with experimental data. The dielectric constant is set to � = 2 and the
gas-to-crystal shift to Ā = 0 eV. Periodic boundary conditions are adopted
with ý = 9, while ĩģėĮ = 2 and �ģėĮ = 3. Panel a of figure 3.17 shows the
result of a purely electronic calculation (�2 = 0). In agreement with the
prediction based on the orientation of the molecules within the unit cell,
two Davydov components are found, the lower one (LDC) oriented along
the b direction and the upper one (UDC) lying in the orthogonal plane.
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Notably, both components are blue-shifted with respect to monomer
absorption. In line with results discussed in section 3.2.2, when vibronic
coupling is introduced (�2 = 0.12) a H-like vibronic structure is found
for both components, as it can be seen in panel b.
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Figure 3.17: Left panels: simulated po-
larized absorption spectra for the SQIB
monoclinic polymorph along the b crys-
tallographic direction (yellow line) and
in the orthogonal plane (blue line). Sim-
ulated monomer spectrum is reported
in gray dashed line as a reference. Panel
(a) shows results of a purely electronic
calculation (�2 = 0) and panel (b) results
including vibronic coupling (�2 = 0.12).
Lorentzian lineshapes with hwhm=0.02
eV are used. Panel (c): experimental po-
larized absorbance spectra of the mon-
oclinic SQIB polymorph thin film. The
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the polarization of incident light over
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is fixed as the direction in which the
lower peak displays its maximum inten-
sity (adapted from ref.[31]). Panel (d):
corresponding simulated polarized ab-
sorption spectra. Lorentzian lineshapes
with hwhm=0.1 eV are used.

Panel c shows experimental polarized absorbance spectra where the
sample has been rotated with respect to the polarization of incident
light over 60° in steps of 15°, where the starting point 0° is fixed as
the direction in which the lower peak displays its maximum intensity
(experimental data adapted from ref.[31]). Panel d shows simulated
polarized spectra orienting the system as in the experimental film and
defining the polarization angle ) as in the right panel of figure 3.16,
with ) = 0° coinciding with the crystallographic b direction. Due to
the non orthogonality of the projection of the two components on the
surface of the film a complete extinction of the components is never
observed (nor simulated) in the reported range of polarization angle.
When ) = 0° the lower component is captured plus a contribution
coming from the projection of the upper component on the polarization
direction, the other way around for ) = 60°. The non orthogonality of the
projected components is also responsible for the absence of an isosbestic
point. Overall, experimental data are fairly well reproduced, with some
minor discrepancy. In experimental spectra the lower component is
much broader than in simulated spectra. Of course in the simulation the
bandwidth is an adjustable parameter, but playing with the bandwidths
does not improve the agreement with the experiment. The very broad
experimental feature is most probably due to either orientational or
energetic disorder or both, none of which is taken into account in the
model. Moreover, the relative intensities of the two components is not
precisely reproduced. This, together with the underestimate of the
Davydov splitting of 20%, might be an indication that a certain degree of
intermolecular charge transfer along the �-stack (neglected in the present
model) could be present affecting these features. Notwithstanding, the
physics of the system is well captured, providing the significant and
solid result (hard to see experimentally but clearly confirmed by the
simulations) of two H-like Davydov components.



70 3 The Frenkel-Holstein Hamiltonian: from aggregates to squaraine crystals

3.4 Conclusions

The classification of molecular aggregates in the two families of H- and
J-aggregates finds its roots in the Kasha theory, where H-aggregates, often
associated with a side-by-side arrangement of the molecules interacting
via a positive Coulomb coupling, are non fluorescent and display a
blue-shifted absorption spectrum with respect to the monomer and
J-aggregates, associated with a head-to-tail geometry, have a red-shifted
absorption and are strongly emissive.

The relative position of the monomer and aggregate absorption spectra,
however, does not depend only on the electrostatic excitonic coupling,
but is also sensitive to several other factors not accounted for by the
Kasha model, among which mean field effects,[85, 86, 171, 205, 206]
ultraexcitonic couplings[174, 207] and possible intermolecular charge
transfer interactions.[208] In this variegated scenario, vibronic signatures
originated by intramolecular vibronic coupling proves a more reliable
signature of the type of aggregation than the spectral shifts.[169, 190]
Specifically, for increasing excitonic coupling, the relative ratio between
the first and second peaks in the vibronic progression increases in
J-aggregates and decreases in H-aggregates.

A plethora of different shades is encountered between the two limiting
cases of ideal H- and J-aggregates, starting from aggregates and crystals
in which a non-parallel alignment of molecules shows up with in the
presence of a Davydov splitting between the two (or possibly more)
bright transitions in the absorption spectrum (also dubbed as Davydov
components). In the definition of the vibronic features of the Davydov
components the interplay between nearest neighbor and next-nearest
neighbor interactions plays a non trivial role. Most often, nearest neighbor
interactions are stronger and (in a system with two molecules per unit cell)
the lower (upper) Davydov component is red-(blue-)shifted with respect
to the monomer and display a J-like (H-like) vibronic structure. However,
if next-nearest neighbor interactions are sizable, both components can be
either red-shifted and exhibit J-like signatures or both can be blue-shifted
with H-like signatures, depending on the sign of next-nearest neighbor
coupling. More generally, the vibronic structure of a Davydov component
depends on its free exciton spectral shift and not on the relative energy
ordering with respect to the other components.

Thin films of the orthorhombic and monoclinic SQIB polymorphs are stud-
ied as interesting materials for applications in organic photovoltaics.[30–
37] A theoretical investigation based on the Frenkel-Holstein Hamiltonian
accounting for intermolecular Coulomb couplings is provided to support
experimental data available in literature and significant insights on the
structure of the Davydov components are found. The orthorhombic
polymorph in fact offers the rare possibility to observe three Davydov
components, while the monoclinic phase represents an example of a sys-
tem with two blue-shifted H-like components. A satisfactory agreement
between experiments and simulations is obtained for the monoclinic
phase, where minor discrepancies could be cured by a refinement of
the model accounting for a small degree of intermolecular charge trans-
fer among nearby molecules along the �-stack and a certain degree of
energetic and orientational disorder. For the orthorhombic polymorph,
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experimental data are almost quantitatively reproduced, with the addi-
tional information about the positioning of a dark state experimentally
inaccessible both in one- and two-photon absorption.
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Resonance energy transfer (RET) and exciton delocalization play a promi-
nent role in defining the spectral features and more generally the behavior
of molecular materials.[169, 209–214] The two phenomena do not re-
quire delocalized electrons among involved molecules, but are driven
by classical electrostatic intermolecular interactions. Useful phenomeno-
logical models have been proposed and are widely applied to address
the two phenomena, namely the Förster model for energy transfer[215,
216] and the exciton model (already discussed in detail in chapter 3)
for energy delocalization.[164, 211, 212] While the two models were pro-
posed independently, both rely on the same main approximations: (a)
only states with one excited molecule are accounted for, (b) electrostatic
intermolecular interactions are treated in the dipolar approximation.

The first approximation applies to systems where excitation energies are
larger than interaction energies. It has been discussed quite extensively
with reference to molecular aggregates,[174, 217] where it is responsible
for the apparent deviations from the sum rules of the oscillator and
rotational strengths. In aggregates of polar molecules,[85, 86, 206, 218]
relaxing this approximation leads to an offset of the excitation energies
that, in some cases, may overcome the exciton splitting leading to the
puzzling observation of non-fluorescent J-aggregates or of fluorescent
H-aggregates. The same approximation is much less discussed in RET
systems, and will be addressed below.

The second approximation applies when intermolecular distances are
much larger than molecular dimensions, and is therefore poor in most
cases. However it is often adopted, as it allows to express intermolecular
interactions in terms of experimentally accessible quantities, i. e. the
transition dipole moments. Several strategies have been adopted to relax
the dipolar approximation, ranging from the use of the extended dipole
approximation[219] to transition density approximations.[220–222] The
most striking effects of the dipolar approximation are observed in RET,
where it imposes that only optically bright states are involved in RET
processes, a limitation that is overcome when the dipolar approximation
is released.[219, 223, 224]

Molecular vibrations add further complexity to the picture. Their role
in defining the bandshape of optical spectra of molecular aggregates is
well understood (as already discussed in details in chapter 3). Moreover,
vibronic coupling is responsible for the appearence of the nominally
forbidden emission of H-aggregates as a weak and largely red-shifted
band.[85, 169, 174, 190, 225] In RET systems, the role of molecular
vibrations was traditionally relegated to the broadening of absorption
and fluorescence spectra, then favoring the Förster overlap.[226] More
recently, molecular vibrations in RET were explicitly addressed[227–235]
to account for subtle effects, including coherent oscillations, and a major
role of vibrational states has been observed.[62, 230] In either molecular

The work presented in this chapter is published in J. Chem. Theory Comput., 19(2), 436-447,
2023.
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1: The molecular Hamiltonian (eq. 1.39)
reads:

Ą̂ģĥĢ = − ��̂ + 2İ�̂

−
√
ℏ$Ĭ�Ĭ

(
Ě̂ + Ě̂ 

)
�̂

+ ℏ$Ĭ

(
Ě̂ Ě̂ + 1

2

)

with the electronic operators �̂ and �̂
defined as:

�̂ = |ĖðïĖ |
�̂ = |ĊðïĖ | + |ĖðïĊ |.

İ −� �Ĭ ℏ$Ĭ

NR 0.88 0.95 0.33 0.14
DANS 1.32 0.72 0.3 0.17

Table 4.1: Molecular model parameters
for NR and DANS (all quantities in eV).

aggregates or RET systems, the explicit inclusion of molecular vibrations
is highly non-trivial as the adiabatic approximation breaks down and a
fully quantum non-adiabatic approach to the coupled electron-vibration
problem must be adopted.

The essential state model for a dipolar dye discussed in chapters 1 and
2 has been succesfully extended to treat intermolecular electrostatic
interactions in molecular aggregates [84–86, 207] as well as in energy
transfer pairs.[94] In this chapter it is shown that the essential state
approach offers a unified framework to describe both energy transfer
and exciton delocalization in molecular aggregates, while releasing the
two major approximations of the Förster and exciton models. Molecular
homo- and etero-dimers are then explicitly addressed. The Redfield-based
dynamical model developed in chapter 1 is applied to these systems
addressing the energy fluxes after photoexcitation, thus solving in an
elegant way the tricky issue of recognizing the fluorescent state and
hence opening the path to calculate time-resolved emission spectra of
aggregates and RET systems.

The chapter is organized as follows: in section 4.1 the essential state
model for the supramolecular assembly is presented, making a clear
connection between the exciton and Förster models. In section 4.2 the
dynamical model introduced in chapter 1 is briefly discussed and adapted
to the new supramolecular Hamiltonian. Section 4.3 shows the results for
homodimers (4.3.1) and heterodimers (4.3.2), as well as for asymmetric
dimers (4.3.3). Section 4.4 concludes the chapter.

4.1 The supramolecular model

As mentioned above, the systems of interest in this chapter are dimers
of dipolar dyes. Each dye is described by the two state Hamiltonian
presented in chapter 1 (eq. 1.39).1 Briefly, two diabatic basis states |Ċð
and |Ėð (corresponding to the two main resonance structures DA and
D+A−, respectively) are separated by an energy gap 2İ and are mixed by
a matrix element −� to give a ground |ăð and an excited state |āð. An
effective dimensionless molecular vibration č̂ = Ě̂ + Ě̂ with frequency
ℏ$Ĭ is introduced to account for the different geometry of the molecule in
the two basis states, with the relaxation energy �Ĭ measuring the strength
of the electron-vibration coupling. Accepted model parameters for Nile
Red (NR) and DANS, the two dyes investigated in this chapter (molecular
structures in figure 1.1, chapter 1), are reported in table 4.1.[15, 84]

4.1.1 ESM for aggregates of dipolar dyes

To investigate in the same theoretical framework both energy delocal-
ization and RET, we consider a pair of molecules that only interact via
electrostatic forces. The dimer is then described in terms of the four
electronic basis states obtained as the direct product of the two electronic
states relevant to the two molecules: |Ċ1 , Ċ2ð, |Ċ1 , Ė2ð, |Ė1 , Ċ2ð and
|Ė1 , Ė2ð. In line with the Mulliken approximation,[236] the electrostatic
interactions involving neutral states are neglected. Accordingly, electro-
static intermolecular interactions in the dimer are described by Ē that
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measures the electrostatic interaction energy between the two molecules
when both are in the zwitterionic state. In other terms, Ē only affects the
energy of the |Ė1 , Ė2ð state. The Hamiltonian for the molecular dimer
reads:

Ą̂ĚğģěĨ = Ą̂1 + Ą̂2 +Ē �̂1�̂2 (4.1)

where Ą̂1(2) is the molecular Hamiltonian in eq. 1.39, as relevant to the
molecular site 1(2) and, more generally, the pedices specify operators rel-
evant to each one of the two molecules. Explicit expressions for Ē require
the definition of the electrostatic model. If the dipolar approximation is
considered, Ē is fully defined by the permanent dipole moments �0,ğ of
the two molecules in the zwitterionic state and their relative orientation.
Typical values of �0,ğ range between 10 and 30 D[15, 84, 237, 238]. For
aligned molecules, Ē values are then of the order of few eV for typical
intermolecular distances of ∼ 4-5 Å, similar values being obtained upon
relaxing the dipolar approximation.[84] Of course, for RET pairs much
larger intermolecular distances must be considered, leading to smaller Ē
values.

The two states |ăð and |āð obtained diagonalizing the Hamiltonian of the
isolated molecule correspond to the ground and excited states typically
accounted for, on each molecule, in either the exciton model (that applies
when the two molecules are equivalent or almost so) or in the Förster
model (that applies when the two molecules are distinctively different).
At variance with either the exciton model or the Förster model, however,
in the essential state model (eq. 4.1) the nature of the ground and of the
excited state in each molecule (i.e., the amount of mixing between |Ċð
and |Ėð) varies as the result of the interaction with the nearby molecule.
In this view, eq. 4.1 accounts for the molecular polarizability, which is
disregarded in either the standard exciton or Förster models.

4.1.2 Connection with the standard exciton and Förster

models

The Hamiltonian for the molecular pair in eq. 4.1 is very simple, yet it
describes both energy delocalization and RET. To understand the relation
among the models, following ref. [85], the dimer Hamiltonian in eq.
4.1 is rewritten on the adiabatic basis defined by the four electronic
states |ă1 , ă2ð, |ă1 , ā2ð, |ā1 , ă2ð and |ā1 , ā2ð, with the |ăð and |āð states
defined on each molecule as:

|ăğð =
√

1 − �̄ğ |Ċğð +
√
�̄ğ |Ėğð

|āğð =
√
�̄ğ |Ċğð −

√
1 − �̄ğ |Ėğð (4.2)

where �̄ğ = ïăğ |�̂ğ |ăğð is the ground state expectation value of the ionicity
operator on each molecule.

The electronic part of Hamiltonian in eq. 4.1 can be rewritten as:

Ą̂ěĢ
ĚğģěĨ = 2İ1�̂1 − �1�̂Į,1 + 2İ2�̂2 − �2�̂Į,2 +Ē �̂1�̂2

= 2İ1

(
1

2
− �̂İ,1

2

)
− �1�̂Į,1 + 2İ2

(
1

2
− �̂İ,2

2

)
− �2�̂Į,2

+Ē

(
1

2
− �̂İ,1

2

) (
1

2
− �̂İ,2

2

) (4.3)
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where, for each molecule, the following operators are defined:

�̂Į =

(
0 1

1 0

)
, �̂İ =

(
1 0

0 −1

)
, (4.4)

�̂ =

(
0 0

0 1

)
=

(
1

2
− �̂İ

2

)
. (4.5)

To rotate the Hamiltonian in eq. 4.3 on the adiabatic basis for the dimer
the Paulion operators Ħ̂ 

ğ
and Ħ̂ğ are introduced, that transform the ğ-th

site from |ăğð to |āğð and from |āğð to |ăğð, respectively. These operators
are related to the operators in eq. 4.5 as:[85, 207]

�̂İ,ğ = (1 − 2�̄ğ)
(
1 − 2Ħ̂ ğ Ħ̂ğ

)
− 2

√
�̄ğ(1 − �̄ğ)

(
Ħ̂ ğ + Ħ̂ğ

)
(4.6)

�̂Į,ğ = 2

√
�̄ğ(1 − �̄ğ)

(
1 − 2Ħ̂ ğ Ħ̂ğ

)
+ (1 − 2�̄ğ)

(
Ħ̂ ğ + Ħ̂ğ

)
(4.7)

By plugging eqs. 4.6 and 4.7 into eq. 4.3 and neglecting constant terms,
the following expression is obtained:

Ą̂ěĢ
ĚğģěĨ =

[
2(1 − 2�̄1)(İ1 + ĉ�̄2) + 4�1

√
�̄1(1 − �̄1)

]
Ĥ̂1

+
[
2(1 − 2�̄2)(İ2 + ĉ�̄1) + 4�2

√
�̄2(1 − �̄2)

]
Ĥ̂2

+
[
2

√
�̄1(1 − �̄1)(İ1 + ĉ�̄2) − �1(1 − 2�̄1)

] (
Ħ̂ 1 + Ħ̂1

)

+
[
2

√
�̄2(1 − �̄2)(İ2 + ĉ�̄1) − �2(1 − 2�̄2)

] (
Ħ̂ 2 + Ħ̂2

)

+Ē
√
�̄1(1 − �̄1)

√
�̄2(1 − �̄2)

(
Ħ̂ 1 Ħ̂2 + Ħ̂1 Ħ̂

 
2

)
+Ē(1 − 2�̄1)(1 − 2�̄2)Ĥ̂1Ĥ̂2

+Ē
√
�̄1(1 − �̄1)

√
�̄2(1 − �̄2)

(
Ħ̂ 1 Ħ̂

 
2 + Ħ̂1 Ħ̂2

)
+Ē(1 − 2�̄1)

√
�̄2(1 − �̄2)

(
Ħ̂ 2 + Ħ̂2

)
Ĥ̂1

+Ē(1 − 2�̄2)
√
�̄1(1 − �̄1)

(
Ħ̂ 1 + Ħ̂1

)
Ĥ̂2

(4.8)

where the exciton number operator Ĥ̂ğ = Ħ̂ 
ğ
Ħ̂ğ counts the excitations on

the ğ-th molecular site and ĉ = Ē/2.

The Hamiltonian in eq. 4.8 is equivalent to the Hamiltonian in eq. 4.1 for
any choice of �̄1 and �̄2 values. However if �̄1 and �̄2 are chosen no that
the |ăğð and |āğð states coincide with the actual ground and excited states
of the two molecules in the dimer (i.e., feeling the potential generated by
the other molecule), the third and fourth lines in eq. 4.8 vanish:

{
2
√
�̄1(1 − �̄1)(İ1 + ĉ�̄2) − �1(1 − 2�̄1) = 0

2
√
�̄2(1 − �̄2)(İ2 + ĉ�̄1) − �2(1 − 2�̄2) = 0

(4.9)

thus getting: 


�̄2 =
�1(1−2�̄1)

2ĉ
√

�̄1(1−�̄1)
− İ1/ĉ

�̄1 =
�2(1−2�̄2)

2ĉ
√

�̄2(1−�̄2)
− İ2/ĉ

(4.10)
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With this special choice of the basis states, the single molecule terms
entering eq. 4.8 reduce to the first two lines, that account for the excitation
energy of the two molecules in the electrostatic environment of the dimer.
By plugging �̄2 and �̄1 from eq. 4.10 in the first and second line of eq. 4.8,
respectively, one obtain:

Ą̂ěĢ
ģ Ĝ =

[
�1√

�̄1(1 − �̄1)

]
Ĥ̂1 +

[
�2√

�̄2(1 − �̄2)

]
Ĥ̂2 (4.11)

where �̄ğ is the ionicity on the ğ-th molecule that self-consistently de-
pends on itself (as a result of electron-vibration coupling) and on the
ionicity of the nearby molecule (as a result of electrostatic intermolecular
interactions):[85, 207]

�̄ğ =
1

2

©­­
«
1 − İ̃ğ√

İ̃2
ğ
+ �2

ğ

ª®®
¬

(4.12)

with

İ̃1 = İ1 +Ē �̄2 − �Ĭ,1�̄1

İ̃2 = İ2 +Ē �̄1 − �Ĭ,2�̄2 (4.13)

In other terms, the Hamiltonian in eq. 4.11 is the mean field Hamiltonian
describing the two molecules each one responding to the potential
generated by the other.
As for the vibrational part, the ground state equilibrium position for each
oscillator varies with the ionicity on the relevant molecule:

č̄ğ = ïăğ |č̂ğ |ăğð =
√

2$Ĭ,ğ

ℏ

ĝğ

$2
Ĭ,ğ

�̄ğ (4.14)

where ĝğ =
√
ℏ$Ĭ,ğ�Ĭ,ğ . It is convenient to move the origin of each

vibrational coordinate to its equilibrium position, via a Lang-Firsov
transformation of the vibrational operators:[85, 239]

ˆ̃čğ = č̂ğ − č̄ğ =

√
ℏ

2$Ĭ

(
ˆ̃ė ğ + ˆ̃ėğ

)
(4.15)

ˆ̃Čğ = Č̂ğ = ğ

√
ℏ$Ĭ

2

(
ˆ̃ė ğ − ˆ̃ėğ

)
(4.16)

where displaced bosonic creation and annihilation operators ˆ̃ė 
ğ
, ˆ̃ėğ are

introduced[85].

The complete Hamiltonian in eq. 4.1 is finally rewritten on the mean field
basis as:

Ą̂ĚğģěĨ = Ą̂ģ Ĝ + Ą̂ěĮę + Ą̂īěĮ (4.17)

where:

Ą̂ģ Ĝ =

2∑
ğ=1

�EÿĐ,ğ Ĥ̂ğ +
2∑
ğ=1

ℏ$Ĭ,ğ

(
ˆ̃ė ğ ˆ̃ėğ +

1

2

)

−
2∑
ğ=1

ĝğ( ˆ̃ė ğ + ˆ̃ėğ)
[
(1 − 2�̄ğ)Ĥ̂ğ +

√
�̄ğ(1 − �̄ğ)(Ħ̂ ğ + Ħ̂ğ)

]
(4.18)
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Ą̂ěĮę = Ē
√
�̄1�̄2(1 − �̄1)(1 − �̄2)

(
Ħ̂ 1 Ħ̂2 + Ħ̂ 2 Ħ̂1

)
(4.19)

Ą̂īěĮ = Ē
√
�̄1�̄2(1 − �̄1)(1 − �̄2)

(
Ħ̂ 1 Ħ̂

 
2 + Ħ̂2 Ħ̂1

)
+ Ē(1 − 2�̄1)(1 − 2�̄2)Ĥ̂1Ĥ̂2

+ Ē(1 − 2�̄1)
√
�̄2(1 − �̄2)

(
Ħ̂ 2 + Ħ̂2

)
Ĥ̂1

+ Ē(1 − 2�̄2)
√
�̄1(1 − �̄1)

(
Ħ̂ 1 + Ħ̂1

)
Ĥ̂2 (4.20)

Ą̂ģ Ĝ collects the on-site terms, accounting for the mean field transition
energies of the dyes, �EÿĐ,ğ = �ğ/

√
�̄ğ(1 − �̄ğ), for the two displaced

harmonic oscillators and (in the second row) for the linear electron-
phonon coupling. Ą̂ěĮę and Ą̂īěĮ , containing terms proportional to Ē ,
are due to intermolecular electrostatic interactions. Specifically, Ą̂ěĮę

accounts for the exciton hopping term, i.e. the term mixing |ă1 , ā2ð and
|ā1 , ă2ð states, that is responsible for energy delocalization in aggregates
and for energy transfer in RET systems. Ą̂īěĮ collects all the terms that
are not accounted for in the exciton or Förster model and are therefore
dubbed as ultaexcitonic.[207] In the first line a term appears mixing the
ground state |ă1 , ă2ð with the state where both molecules are excited
|ā1 , ā2ð. The second line describes an exciton-exciton interaction term,
and the last two lines group two additional ultraexcitonic terms that mix
states which differ by one exciton.

When the excitation energies are large, the ultraexcitonic terms have minor
effects and, in this limit, the only relevant term is Ą̂ěĮę , accounting for the
exciton migration. This term is proportional to Ē

√
�̄1�̄2(1 − �̄1)(1 − �̄2)

and, in the dipolar approximation, it describes the interaction between
the transition dipole moments of the two molecules. In other terms, if the
dipolar approximation is adopted and ultraexcitonic terms are neglected,
the model in eq. 4.1 boils down to the standard exciton model if the two
molecules are equal, or to the Förster model if they are different.

Equations 4.17 - 4.20 make clear how the essential state model is more
general than both the Förster and the standard exciton model, naturally
accounting for all the ultraexcitonic terms and for site energies that
readjust in response to the electrostatic potential generated by the other
molecule, thus accounting for the molecular polarizability.

The Hamiltonian in eq. 4.17 is useful to understand the connection be-
tween the proposed model and either the exciton or the Förster models.
However, working on the original diabatic basis is more expedient for
the numerically exact solution of the complete problem. In the following,
the more practical form of the dimer Hamiltonian in eq. 4.1 is used, rep-
resented on the basis obtained as the direct product of the 4-dimensional
electronic Hilbert space |Ċ1 , Ċ2ð, |Ė1 , Ċ2ð, |Ċ1 , Ė2ð, |Ė1 , Ė2ð times the
two Fock spaces associated with the two molecular vibrational coordi-
nates. To make the approach numerically tractable, the vibrational basis
is truncated so that the sum of the vibrational quanta associated with
the two molecules does not exceed a fixed threshold ĉ, high enough to
ensure convergence on properties of interest (in this chapter ĉ=14, for a
grand total of 420 basis states). Numerical diagonalization of the resulting
Hamiltonian gives numerically exact vibronic eigenstates |)ėð of the
complete Hamiltonian in eq. 4.1 (or equivalently in eq. 4.17), without
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reducing the basis set to the single exciton manifold, as usually done in
the exciton model or in standard treatments of RET.

4.2 The dynamical model

To follow in real time RET and exciton delocalization, the open quantum
system approach presented in chapter 1 is adopted here with reference to
the dimer Hamiltonian in eq. 4.1. Brielfly, each vibrational coordinate is
coupled to a thermal bath simulated by an infinite number of quantum
harmonic oscillators.[240] The total Hamiltonian reads:

Ą̂ĪĥĪ = Ą̂ĚğģěĨ + Ą̂ĚğģěĨ−ĘėĪℎ + Ą̂ĘėĪℎ (4.21)

Ą̂ĚğģěĨ−ĘėĪℎ =
∑
ğ

2∑

=1

ĝğ þ̂ğ ,
č̂
 (4.22)

Ą̂ĘėĪℎ =
∑
ğ

2∑

=1

ℏ$ğ

(
Ę̂ ğ ,
 Ę̂ğ ,
 + 1

2

)
(4.23)

where 
 runs over the two molecular units and þ̂ğ ,
 = Ę̂ 
ğ ,
 + Ę̂ğ ,
 is the

ğ-th bath coordinate coupled to the 
-th supramolecular vibration, with ğ

ranging from one to infinity, covering all possible bath frequencies. The 
-
dependence acquired by the bath coordinates means that each molecular
vibration č̂
 is coupled to an independent harmonic bath.[104, 105, 240,
241] The coupling constants ĝğ define the strength of the system-bath
coupling and therefre the bath spectral density I($) = ∑

ğ |ĝğ |2�($−$ğ),
that for the sake of simplicity is set independent from 
, meaning that
all vibrational degrees of freedom couple with the same strength to the
bath.

The proposed model is general and applies to pairs of identical or different
molecules, as to simulate excitonic or RET pairs, respectively. However, for
molecular homodimers the high degree of degeneracy leads to divergent
dynamics. To overcome this problem, two slightly different frequencies
$Ĭ,1 and $Ĭ,2 could be assigned to the two molecules. However, this
would artificially lower the symmetry of the dimeric system, heavily
affecting its physics. A viable alternative to deal with homodimers recasts
the system Hamiltonian in eq. 4.1 in terms of the symmetrized vibrational
coordinate operators č̂+ and č̂−:

č̂+ =
1√
2

(
č̂1 + č̂2

)
, č̂− =

1√
2

(
č̂1 − č̂2

)
(4.24)

with the relevant bosonic operators Ě̂( )± = (Ě̂( )
1

± Ě̂
( )
2
)/
√

2 (Ě̂( )
1/2

being the
bosonic operators associated to the two molecular coordinates). The two
coordinates have vibrational frequencies $Ĭ,±, relaxation energies �Ĭ,±
and are coupled to the electrons via the symmetrized ionicity operators
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�̂± = (�̂1 ± �̂2)/
√

2. The symmetrized Hamiltonian reads:

Ą̂ĩįģģ = − �1�̂1 + 2İ1�̂1 − �2�̂2 + 2İ2�̂2

−
√
ℏ$Ĭ,+�Ĭ,+

(
Ě̂+ + Ě̂ +

)
�̂+ −

√
ℏ$Ĭ,−�Ĭ,−

(
Ě̂− + Ě̂ −

)
�̂−

+ ℏ$Ĭ,+

(
Ě̂ + Ě̂+ + 1

2

)
+ ℏ$Ĭ,−

(
Ě̂ − Ě̂− + 1

2

)
.

(4.25)

By assigning slightly different values for $Ĭ,+ and $Ĭ,−, the numerical
divergence problem is solved without affecting the symmetry of the
system.

Using either eq. 4.1 or eq. 4.25 to describe the system, the system-bath
Hamiltonian in eq. 4.22 leads to the following expressions for the kinetic
coefficients �+

ĚĘ,ėę
and �−

ĚĘ,ėę
entering eq. 1.28 in chapter 1 for the definition

of the Redfield relaxation tensor read:

�
+
ĚĘ,ėę =

�

ℏ2
ħ

1/+
ĚĘ

ħ
1/+
ėę [I($ėę)Ĥ($ėę) + I($ęė) (Ĥ($ęė) + 1)]

+ �

ℏ2
ħ

2/−
ĚĘ

ħ
2/−
ėę [I($ėę)Ĥ($ėę) + I($ęė) (Ĥ($ęė) + 1)]

(4.26)

�
−
ĚĘ,ėę =

�

ℏ2
ħ

1/+
ĚĘ

ħ
1/+
ėę [I($ĘĚ)Ĥ($ĘĚ) + I($ĚĘ) (Ĥ($ĚĘ) + 1)]

+ �

ℏ2
ħ

2/−
ĚĘ

ħ
2/−
ėę [I($ĘĚ)Ĥ($ĘĚ) + I($ĚĘ) (Ĥ($ĚĘ) + 1)]

(4.27)

where ħ
1/+(2/−)
ĚĘ

and ħ
1/+(2/−)
ėę are the ĚĘ and ėę matrix elements of the

vibrational operators č̂1/+(2/−) and Ĥ($) is the Bose-Einstein distribution
function.

Since evolving the full Redfield master equation (eq. 1.26, chapter 1) is
computationally cumbersome, the secular approximation is adopted in
this chapter, only accounting for the RėĘ,ęĚ terms with |$ėĘ −$ęĚ | = 0.

4.3 Results

NR and DANS (structures in figure 1.1, relevant model parameters in
table 4.1) are taken as reference systems, representative of the large family
of push-pull dyes.[15] Molecular Hamiltonians for different dyes will
have slightly different parameters, but the differences are marginal and
do not alter the main picture. In the following the molecular system
is coupled to a quantum bath at 300K. The spectral density is set to a
constant value I($) = ℏ2�/�,[91, 93–95] setting � =5 ps−1. The master
equation is solved using the Short-Iterative-Arnoldi (SIA) algorithm[24,
99] with 1 fs time integration step.

4.3.1 Molecular dimers

As for molecular dimers, the Hamiltonian in eq. 4.25 is used. Model
parameters relevant to NR in table 4.1 are adopted, but setting ℏ$Ĭ,+ =

0.15 eV and ℏ$Ĭ,− = 0.13 eV. The electrostatic intermolecular interaction
between the two molecules in the zwitterionic state, Ē , is varied from
−1.2 to 1.2 eV. The interaction Ć entering the exciton model measures



4.3 Results 81

instead the interaction between the transition dipole moments and is
related to Ē by Ć = Ē�(1 − �) (see discussion following eq. 4.19). For NR
� ∼ 0.16, so that, in the chosen Ē interval Ć ranges from ∼ -0.16 to 0.16 eV,
in line with typical values for molecular aggregates. At time Ī = 0, the
system undergoes an impulsive excitation, and the initial state for the
dynamics is prepared as:[78, 94, 95, 240]

|«∗(Ī = 0)ð ∝
Ċ∑
ė=2

|)ėðï)ė |�̂|)1ð (4.28)

where ė runs over the excited eigenstates of Ą̂ĚğģěĨ (|)1ð being the
ground state) and �̂ = �̂1 + �̂2 is the dimer dipole moment operator for
the chosen geometry. As done in chapter 1 for the multimode systems, the
basis is truncated neglecting states lying at higher energy than the most
populated states reached upon coherent excitation, and whose initial
population is lower than 10−6.[94, 95, 240]

Figure 4.1: Results for dimers of NR. Each
column shows results obtained for the
Ē value listed in the topmost panel (eV
units). Top panels: time evolution of the
system energy (red). For reference, the
energy of the lowest vibronic eigenstate
in ď1 and ď2 manifolds are shown as
orange and black dotted lines, respec-
tively. The sketches in the upper panels
schematically show the geometrical ar-
rangement of the molecular permanent
dipoles. Middle panels: time evolution
of the populations of the lowest vibronic
eigenstate in ď1 and ď2 manifolds (or-
ange and black lines, respectively). Bot-
tom panels: time evolution of ïč̂+ð and
�č− (green line and blue dotted line,
respectively).

Figure 4.1 shows relevant results. Each column refers to an aggregate
pair with a different Ē value. Top panels show the time evolution of
the energy of the system (red lines) along with the energies of the
lowest vibronic eigenstates in the ď1 and ď2 manifolds (orange and black
dotted lines, respectively), whose population is shown in the middle
panels. Bottom panels show time evolution of ïč̂+ð (green lines) and the

standard deviation along č̂−, �č− =

√
ïč̂2−ð (blue dotted lines). As it

is well known, in J- and H-aggregates the optically allowed transitions
go towards the first and second electronic excited state, respectively.[166,
169] Accordingly, for negative Ē values (J-dimers), the initial excitation
brings the system in the first excited electronic manifold (namely ď1, see
also figure 4.2 panel d, where the green dot marks the initial state of the
dynamics). On the opposite, for positive Ē values (H-dimers) the most
populated initial state belongs to the second electronic excited manifold,
ď2 (see also figure 4.2 panel b). In either case, the initially populated state
is the vertical state, lying higher in energy than the lowest eigenstate in
the relevant ď1 or ď2 manifold. A fast relaxation is always observed in
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the first ∼100 fs that transfers the population from the initially populated
states to the lowest state of the ď1 manifold, the so-called Kasha’s state.

It is worth to point out that the adopted relaxation model with the two
(supra)molecular coordinates coupled to two independent baths allows
for the uncorrelated motion of the relevant degrees of freedom, or, in
other terms, it allows for energy dissipation driven by either the č̂+ or
č̂− coordinate. This is important because it allows for energy relaxation
among states with different symmetry, a phenomenon that would be
strictly forbidden if both molecular coordinates were coupled to a single
bath (or, equivalently, if only the č̂+ coordinate was coupled).

After an initial very fast relaxation on the timescale of ∼ 0.1-0.5 ps,
once the system reaches the Kasha’s state,[240] the dynamics slows
down dramatically with relaxation times in the nanosecond window.
The different timescales of the two processes ensures that, in this case,
emission occurs from a thermally equilibrated Kasha’s state, as best
demonstrated by the residual thermal population of the lowest eigenstate
in the ď2 manifold observed at long times for Ē = 1.2, 0.4 and −0.4 eV
(middle panels of figure 4.1).

An initial regime of coherent vibrational oscillations of ïč̂+ð is observed
in all dimers (bottom panels in figure 4.1, green lines). Quite interestingly,
the coherence lives longer in J-dimers, and particularly so in J-dimers
with large Ē . In these systems in fact the dynamics in the ď1 manifold is
marginally perturbed by the presence of ď2 states (see also figure 4.2 panel
d). On the opposite, in H-dimers the vibrational coherence is quickly
lost due to the interfering relaxation towards states in the ď1 manifold
(see also figure 4.2 panel b). The expectation value ïč̂−ð vanishes by
symmetry along the whole dynamics. Yet, its standard deviation �č−
shows a qualitatively different behavior for J- and H-aggregates. This is
best appreciated by data reported in figure 4.2. The color maps show the
adiabatic potential energy surfaces (PES) of the ď1 state of two dimers
(the grey surface in panel b shows the PES for the ď2 states). In the
adiabatic approximation, the vibrational kinetic energy is neglected and
the vibrational coordinates become classical variables: the PES show the
energy of the relevant state, calculated upon varying the two classical
coordinates č+ and č−. More specifically, top panels (a and b) show

Figure 4.2: Vibrational trajectories calcu-
lated for NR dimers Top panels refer to
a H-dimer (Ē = 1.2 eV), bottom panels
refer to a J-dimer (Ē = −1.2 eV). The
colored surfaces show the adiabatic po-
tential energy surface of ď1 and in panel
(b) the gray surface refer to the adiabatic
potential energy surface of ď2. The black
lines show the evolution of the system
energy as a function of ïč̂+ð and ïč̂−ð.
The red lines show the evolution of the
system energy as a function of ïč̂+ð and
±�č−. In all trajectories, green dots mark
the starting point (Ī = 0). Note the differ-
ent energy scale in panels b and d.
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results for a H dimer with Ē = 1.2 eV and bottom panels (c and d) refer
instead to a J dimer with Ē = −1.2 eV. The PES relevant to the J-dimer
with Ē = −1.2 eV has a single minimum and �č− is roughly constant as
expected for a quasi-harmonic oscillator. On the opposite, the H-dimer
with Ē = 1.2 eV has a largely anharmonic PES with two well developed
minima. In this case, large č̂− fluctuations drive the system to visit the
two minima, suggesting a tendency towards energy localization.

Adopting the same approach as in chapter 1, optical absorption spectra
of the dimer are calculated as the real part of the Fourier transform (FT)
of the damped dipole-dipole correlation function ÿėĘĩ

�� (Ī) = ï�̂(Ī)�̂(0)ð ·
exp [−Ī/ė] = ĐĨ{�̂¬̂ėĘĩ(Ī)} exp [−Ī/ė], where the absorption generating
function, ¬ėĘĩ(Ī = 0) = �̂|)1ðï)1 |, evolves according to the Liouville-
von Neumann (unitary) equation.[91, 109, 240, 242, 243] Time-resolved
fluorescence spectra are calculated as the FT of the damped dipole-

Figure 4.3: Time-resolved emission spec-
tra for NR dimers (same parameters as
in figure 4.1, values of the electrostatic in-
termolecular interaction Ē are indicated
in the panels). The dipole-dipole corre-
lation function is damped with ė = 7 fs.
At each time, spectra are normalized to
unit area.
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Figure 4.4: Absorption (black lines) and
time-resolved emission spectra (colored
lines) at selected times Ī′ (as indicated in
the legend) for the four investigated NR
dimers. Emission spectra extracted form
figure 4.3.
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dipole correlation function ÿ
Ĝ Ģīĥ
�� (Ī; Ī′) = ĐĨ{�̂¬̂ Ĝ Ģīĥ(Ī; Ī′)} exp [−Ī/ė],

where the fluorescence generating function is ¬̂ Ĝ Ģīĥ(0; Ī′) = �̂�̂(Ī′), being
�(Ī′) the reduced density matrix of the system at time Ī′.[95, 240] To
avoid spurious signals, absorption spectra are calculated using the
upper triangle of the dipole moment operator and emission spectra are
calculated using the lower triangle.[54]

Figure 4.3 shows emission spectra for the four investigated dimers as
a function of time Ī′. Spectra at selected Ī′ times are shown in figure
4.4 along with absorption spectra, reported in black. In both figures
spectra are normalized to unit area. In H-dimers (panels a and b) the
time-resolved fluorescence shows a bimodal behavior: at very early time,
emission largely comes from the second electronic manifold ď2, the
same state populated upon absorption with a large transition dipole
moment. As time goes on, while the system is coherently oscillating
along the vibrational coordinates, the population is transferred to the first
excited state ď1 leading to a much weaker and largely red-shifted emission.
Normalized spectra are shown, but H-dimer emission is at least one order
of magnitude weaker than for J-aggregates. Specifically, the weak long-
time emission from the electronically dark ď1 state in H-aggregate is due
to a vibronic coupling mechanism, with the emission occurring towards
the ground state with a vibrational quantum in the antisymmetric č̂−
mode.[169] Interestingly, in the H-aggregate withĒ = 0.4 eV a shoulder is
clearly seen in the long-time emission superimposed to the 0-0 absorption
band (figure 4.4 panel b). This signal is due to the residual thermal
population of the (optically allowed) lowest state in the ď2 manifold (see
middle panels in figure 4.1).

Time evolution of the emission spectra of the J-aggregates is less promi-
nent: since the Kasha state coincides with the bright state reached upon
absorption, all the dynamics lives in the same electronic state. The emis-
sion spectrum oscillates in time as long as vibrational coherence survives
in the system and by the end of the vibrational relaxation (∼ 1 ps) the
emission spectrum is essentially the mirror image of the absorption
spectrum, as expected (figure 4.4 panels c and d). In large J-aggregates, a
sizable increase of the intensity of the 0-0 absorption peak vs the 0-1 peak
upon increasing Ē would be expected,[190] as a result of delocalization
of the exciton on several molecules, that would imply a reduced effective

Figure 4.5: Results for dimers of NR
with different relative orientations of the
monomers (sketches of the dimeric ge-
ometries are shown in the top panels;
left panels are taken from figure 4.1). Top
panels: time evolution of the system en-
ergy (red). For reference, the energy of
the lowest vibronic eigenstates in ď1 and
ď2 manifolds are shown as orange and
black dotted lines, respectively. Middle
panels: time evolution of the populations
of the lowest vibronic eigenstate in ď1

and ď2 manifolds (orange and black lines,
respectively). Bottom panels: time evo-
lution of ïč̂+ð, and of �č− (green and
blue dotted lines, respectively).
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electron-vibration coupling. This phenomenon is not observed in the
dimers investigated here, where the exciton can never spread on more
than two molecules.

Up to now, systems of aligned molecules have been considered. As
already discussed, a positive electrostatic interaction sets the in-phase
combination |ă1ā2ð + |ā1ă2ð at higher energy than the out-of-phase
one |ă1ā2ð − |ā1ă2ð, and vice versa for a negative interaction. For two
molecules oriented in the same direction (non-centrosymmetric dimers),
the bright state reached upon light absorption is the in-phase combination.
On the other hand, for molecules oriented in opposite directions (cen-
trosymmetric dimers) the out-of-phase combination becomes the bright
state. The rightmost part of figure 4.5 shows results for centrosymmetric
dimers (in the leftmost part, results also shown in figure 4.1 are reported
for reference). More specifically, the systems in the first and third column
have the same Hamiltonian (positive electrostatic interactions Ē = 1.2

eV), but the coherent excitation populates ď2 in the non-centrosymmetric
system (first column) and ď1 in the centrosymmetric one (third column),
as it can be seen from the populations reported in the middle panels.
Moreover, the expectation value of č̂+ shows how in the centrosymmetric
dimer the coherence is maintained for a longer time with respect to the
non-censtrosymmetric system, since excited state dynamics occurs in the
same electronic manifold. The same considerations apply to the systems
with negative interactions (second and fourth column, Ē = −1.2 eV).
Here the slower relaxation of the centrosymmetric system is due to the
higher energy difference between ď1 and ď2.

4.3.2 Resonance Energy Transfer

DANS and NR form a good RET pair, with a sizable overlap between
the emission spectrum of DANS, acting as the energy donor D, and the
absorption spectrum of NR, acting as the energy acceptor A. Hereinafter,
for the sake of clarity, D and A indices will be used to refer to the two
molecules. To address RET, the system is initially prepared in a state
where only the energy donor D is coherently excited, inserting in eq.
4.28 the dipole moment operator relevant to the energy donor �̂D.

Figure 4.6 shows results obtained for the DANS-NR RET pair with
different values of the electrostatic intermolecular interaction Ē . In the
left panel, the energy of the system is reported as a function of time, in the
right panels ïč̂D(Ī)ð and ïč̂A(Ī)ð are shown as continuous and dashed
lines, respectively. ForĒ f 0.05 eV, the initial vibrational relaxation brings
the system in the lowest vibronic eigenstate of the excited energy donor
manifold within the first few hundreds of femtoseconds, as seen from
the initial energy drop, as well as in the time evolution of ïč̂Dð, where
after some initial oscillations the coordinate stabilizes at the equilibrium
geometry of the excited donor. From there, the energy flows towards the
energy acceptor A through an incoherent process that can take several
picoseconds to reach completion (as reflected by ïč̂Að) depending on the
interaction strengthĒ . WhenĒ increases (Ē > 0.05 eV), the system enters
the strong coupling regime, with RET occuring in the same time window
as the vibrational relaxation of D. For Ē = 0.1 eV no clear distinction
between the two processes is observed any more, as demonstrated by the
single energy drop in the left panel of figure 4.6 (blue line). RET clearly
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Figure 4.6: RET dynamics for a DANS
- NR pair (molecular parameters in ta-
ble 4.1) for different values of the elec-
trostatic intermolecular interaction Ē .
Left panel: time-evolution of the sys-
tem energy; right panels: time evolution
of ïč̂Dð (continuous lines) and ïč̂Að
(dashed lines).
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starts while ïč̂Dð is still coherently oscillating, meaning that energy is
partially transferred also from hot donor states. For even larger coupling
(Ē = 1 eV), RET is even faster and the system enters a coherent transfer
regime, as shown by the induced oscillations on ïč̂Að.

The model applies in a very wide range of intermolecular interaction
strenghts, providing a consistent and unified picture of RET both in the
weak (as described in the Förster model) and strong coupling regime. By
treating at the same time vibrational relaxation, RET and the relaxation
towards the ground state, without imposing any artificial separation
on the time scales of the different phenomena and accounting for both
forward and backward RET, the presented model reliably simulates the
dynamics of the system irrespective of the coupling strength. Accordingly,
vibrational relaxation of the excited donor and the simultaneous energy
transfer towards the acceptor can be addressed in the case of very strong
intermolecular coupling, as well as energy transfer and relaxation of the
donor towards its ground state in the case of very weak coupling.

RET rates can be extrapolated from the dynamical simulations via an
exponential fit of the time-dependent DA

∗ state population, i. e. the state
where the acceptor is in its Kasha state (eigenstate 106 in all investigated

Figure 4.7: RET rates estimated for the
DANS-NR pair as a function of the elec-
trostatic interaction Ē . Cyan symbols re-
fer to estimates obtained in the Förster
model; results obtained from an expo-
nential fit of the results of the dynamical
simulations are reported in orange.
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Ē [eV] ė1 ė2 ė3 [ps−1]

0.005 0.906 0.908 0.0115
0.01 0.951 0.959 0.0427
0.02 0.985 1.011 0.145
0.03 0.992 1.038 0.272
0.05 0.995 1.078 0.573
0.08 0.996 1.126 1.071
0.1 1.000 1.153 1.378
0.2 1.010 1.223 2.634
0.3 1.011 1.250 3.576
0.5 1.007 1.254 4.628
0.8 1.005 1.250 4.944
1.0 1.004 1.244 4.985

Table 4.2: Fitting parameters for the ex-
traction of the RET rates shown in figure
4.7.

cases), with the equation:

Ĝ (Ī) = ė1 − ė2 exp(−ė3Ī) (4.29)

where ė3 is the rate of interest.

In figure 4.7 rates obtained from the dynamical simulations (fitting
parameters reported in table 4.2) are compared with those obtained in
the Förster approximation. In the Förster model, RET occurs from the
relaxed excited donor with a rate constant:

ġĂĎāĐ =
1

ℏ2ę
|ĆDA|2S (4.30)

where S=
+ ∞

0
Ě�̃ĂD(�̃)ýA(�̃) is the spectral overlap between the fluores-

cence spectrum of the isolated donor (ĂD) and the absorption spectrum
of the isolated acceptor (ýA) (both in cm−1 and normalized to unit area),
while ĆDA is the electrostatic intermolecular interaction between the
states involved in the RET process. The transition dipole moments for
the isolated energy donor and acceptor are proportional to

√
�̄D(1 − �̄D)

and
√
�̄A(1 − �̄A), respectively, so that, as discussed in section 4.1.2,

ĆDA = Ē
√
�̄D�̄A(1 − �̄D)(1 − �̄A). Results in figure 4.7 are obtained set-

ting S = 3.45 · 10−4 cm. In the weak coupling regime (up to Ē ∼ 0.05

eV) the dynamical model agrees well with Förster prediction. Indeed, in
this regime the RET process has characteristic times of ∼ 1 − 10 ps, at
least an order of magnitude slower than typical vibrational relaxation
rates. On the other hand, in the strong coupling regime, the time scale
separation between vibrational relaxation and RET, as imposed in the

Figure 4.8: Time-resolved emission spectra for the DANS-NR RET pair with different values of the electrostatic intermolecular interaction
Ē = 0.02, 0.1 and 1 eV (panels a, b and c, respectively). The dipole-dipole correlation function is damped with ė = 7 fs. At each time,
spectra are normalized to unit area.
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Figure 4.9: Time-resolved emission spectra at selected times (as indicated in the legends) for the DANS-NR RET pair with Ē = 0.02, 0.1
and 1 eV (panels a, b and c, respectively). Spectra are extracted form figure 4.3. Spectra at 1 ps and 50 ps from panel a are reported in
dashed and dotted black lines, respectively, in panels b and c as a reference for the steady state emission of the donor and the acceptor.
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İD [eV] ė1 ė2 ė3 [ps−1]

1.250 0.980 0.978 0.0788
1.270 0.983 0.970 0.7476
1.282 0.994 1.158 2.4072
1.291 0.998 1.227 4.2802
1.303 0.998 1.222 4.1777
1.315 0.994 1.060 0.4430
1.320 0.992 1.038 0.2721
1.326 0.989 1.015 0.1528
1.332 0.985 0.992 0.1053
1.338 0.987 1.000 0.0850
1.344 0.977 0.967 0.0828
1.356 0.975 0.927 0.2083
1.359 0.986 1.020 0.6398
1.373 0.999 1.255 3.8222
1.385 0.999 1.260 4.0085
1.396 0.996 1.213 3.2061
1.409 0.996 1.082 0.5737
1.419 0.991 1.021 0.1697

Table 4.3: Fitting parameters for the ex-
traction of the RET rates shown in figure
4.10.

Förster model, breaks down and sizable deviation from Förster rates are
observed: while Förster rates grow as |ĆDA|2 reaching unrealistically high
values, the rates obtained from the dynamical simulations tend to the
value of ∼ 5 ps−1 (∼ 200 fs), as limited by the vibrational relaxation.

Figure 4.8 shows time-resolved emission spectra calculated for the DANS-
NR pair for Ē = 0.02, 0.1 and 1 eV using the same machinery described in
section 4.3.1. Figure 4.9 shows emission spectra at selected times (in the
legends) for the same systems. For weak coupling (Ē = 0.02 eV, panel a

in both figures 4.8 and 4.9) emission initially comes from the (excited)
donor and oscillates in time following its coherent vibrational relaxation,
reaching the steady state emission well before 1 ps. Hence, the spectrum
smoothly evolve from the steady state D emission to the steady state A

emission. Indeed, after ∼ 50 ps, only the Aspectrum survives. In panels b

and c of figure 4.9 steady state emission of the donor and the acceptor are
also reported for reference as black dashed and dotted lines, respectively.
Specifically, emission of the weakly coupled system (panel a) at 1 ps
and 50 ps are respectively used as steady state emission of the donor
and acceptor. For Ē = 0.1 eV (panels b) RET starts before the complete
relaxation of the donor towards its Kasha state, as proven by the fact that
the spectrum never coincides with steady state Demission (black dashed
line) and in 5 ps the whole population is transferred to the acceptor. For
stronger coupling (Ē = 1 eV, panels c), the situation is different. The
whole process occurs very fast (∼ 200 fs) and energy is transferred to the
acceptor from the hot states of the donor during the very first coherent
vibrational oscillations. Moreover, the spectra cannot be considered as
the simple sum of D and Aspectra: in the strong coupling regime, the
interaction between the two dyes heavily affects their properties. The
spectra are therefore strongly perturbed, and, even after RET completion,
the spectrum does not match the steady state spectrum of A.

While the Förster model leads to the correct Ē-dependence of the RET
rates at least in the weak coupling regimes, it does not allow to appreciate
subtle phenomena related to the details of the vibronic spectrum. The
bottom panel of figure 4.10 shows the variation of RET rates calculated
for a system with Ē = 0.03 eV and where the İD parameter is varied

Figure 4.10: Vibronic energies (top panel)
and RET rate (bottom panel) as a function
of İD for the DANS-NR pair withĒ=0.03
eV. In the top panel, thicker curves high-
light the energies of the most important
states involved in the dynamics, namely
the Kasha’s state for the excited energy
donor D

∗ (green) and the excited energy
acceptor A

∗ with two and three vibra-
tional excitations (red).
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(simulating, e.g., the effect of a local electric field), as to affect the alignment
of vibronic states. A non-monotonous behavior is observed, with two
orders of magnitude variations of the rates (fitting parameters reported
in table 4.3). To understand the physical origin of this phenomenon, in
the top panel of the same figure the İD-dependence of relevant vibronic
energies is reported. RET rates are particularly large when the energy
of the long-lived Kasha’s state of D (green line), the states from where
RET occurs in the weak coupling regime, crosses states in the manifold
relevant to the excited Awith either two or three vibrational excitations
(red lines), the states that mainly receive the energy. A very clear energy
resonance effect is observed affecting the RET rates and highlighting
the prominent role of vibronic state alignment, fully in line with recent
experimental results.[62, 230]

4.3.3 The RET-exciton crossover

The presented model, that naturally encompasses energy delocalization
in homodimers and energy transfer in heterodimers, can be exploited to
address the crossover regime. A first observation is that in aggregates a
paramount role is played by the sign of the intermolecular interaction,
Ē , that distinguishes J- and H-aggregates. On the opposite, the sign of
Ē does not enter the Förster rate equation. This qualitative difference
is easily understood: when energy delocalizes between two equivalent
molecules, the sign of the interaction defines the relative energy of
the in-phase and out-of-phase combinations of the two states where
the excitation resides on either molecule. When the molecules are not
equivalent, instead, the order of the excited states is governed by the
energy difference between the two local excitations, the contribution
from intermolecular interactions being marginal in most cases.

To investigate the crossover regime, increasingly asymmetric dimers are
considered, adopting the Hamiltonian in eq. 4.1 and NR parameters in
table 4.1, but assigning a different İ value to one of the two molecules.
The asymmetry is then defined by �İ12 = İ2 − İ1 (where İ1 is kept
fixed, while increasing İ2). The global population of the states with the
excitation residing on molecule 1 is chosen as the relevant observable
and is defined as:

Č̂ĉ∗
1
=�̄1 |Ċ1ðïĊ1 | + (1 − �̄1)|Ė1ðïĖ1 |

−
√
�̄1(1 − �̄1)(|Ċ1ðïĖ1 | + |Ė1ðïĊ1 |)

(4.31)

where �̄1 = ï)1 |Ė1ðïĖ1 |)1ð and |)1ð is the ground state of the dimer
Hamiltonian. Figure 4.11 shows the time-evolution of ïČĉ∗

1
ð calculated

for asymmetric NR dimers with different �İ12 values and with positive
and negative interactions and different values of |Ē |.

When a large Ē value is considered (|Ē | = 0.8 eV), its sign makes a
difference only for small asymmetry parameter, where basically the
system behaves as an aggregate, with almost perfect delocalization
Čĉ∗

1
∼ 0.5. In this case the delocalization is slightly favored for negative

Ē . For larger asymmetry, the system behaves as a RET pair, with the
excitation localizing on the molecule with the lowest excitation energy,
acting as the energy acceptor. The sign of Ē in this case only affects
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Figure 4.11: Results for NR asymmetric
dimers (molecular parameters in table
4.1, with the İ value of molecule 2 in-
creased by an amount �İ12). Time evolu-
tion of the global population of molecule
1 (Čĉ∗

1
, lower lying energy molecule) for

different Ē values and �İ12.

the very early time dynamics, when the relative phase of states with
the excitation on either sites is relevant. For smaller Ē (Ē = 0.03 eV in
the figure) the exciton delocalization regime is not regained, except for
vanishing asymmetry.

4.4 Conclusions

Electrostatic interactions drive energy fluxes in assemblies of either
nonequivalent or equivalent molecules. Well-established approaches
to describe energy fluxes are available and proved successful, namely
the Förster model for RET and the exciton model for energy delocal-
ization. However, both models only rely on a limited basis, that only
comprises states with a single excitation, and then only apply in the weak
intermolecular coupling regime. The interplay between energy fluxes
and molecular vibrations leads to some interesting but complex physics
that requires a non-adiabatic approach to the coupled electron-vibration
problem. Against this background, the simple model in eq. 4.1 unifies RET
between different molecules and energy delocalization among identical
molecular units, explicitly accounting for molecular vibrations. If the
dipolar approximation is used and ultraexcitonic terms are neglected,
the proposed model maps either into the standard exciton model (for
equivalent molecules) or into the Förster model (for different molecules).
Explicitly accounting for energy dissipation, by coupling the supramolec-
ular system to an external bath, allows to follow the time-evolution of the
system as needed to calculate time-dependent properties and spectra.

The proposed model is applied to both J and H molecular dimers.
Particularly interesting results are obtained for H-aggregates where the
lowest excited state is a dark state that, despite being optically inactive,
is populated as a result of the system relaxation. This demonstrates
that a reliable model for energy dissipation properly describes how the
system transfers population between states with different symmetry. At
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the same time, however, the overall symmetry of the system is preserved,
as demonstrated e.g. by the exact vanishing, along the whole relaxation
trajectory, of the expectation value of the antisymmetric vibrational
coordinate, ïč̂−ð.
The subtle interplay between electronic and vibrational degrees of free-
dom is responsible in H-aggregates for a fast decoherence of vibrational
motion. Another important result is obtained again for H-aggregates. In
particular, the PES relevant to the lowest excited state shows a double min-
imum, pointing to an intrinsic instability of the dimer towards symmetry
breaking (i.e., excitation energy localization). Of course, localization is
only possible in the presence of the coupling to a slow coordinate (e.g., a
polar solvent). The proposed model confirms this result: the relaxation
dynamics of the dimer occurs along the ridge that separates the two
minima, thus excluding any localization. However, large fluctuations
of the system are observed, showing how the system equally visits
the regions of the two minima. This dynamical effect (similar to the
well-known dynamic Jahn-Teller effect[78]) requires additional studies of
optical spectra of these systems, to single out experimental signatures of
the phenomenon.

Resonance energy transfer is then addresses: the model applies in the
weak-coupling regime, where, in line with the Förster model, RET occurs
from the relaxed D

∗ state, but it also describes the strong coupling regime,
where the transfer is effective well before the complete D

∗ relaxation. In
this regime, RET rates obtained from a fitting of the dynamical simulation
results differ from those obtained with the Förster theory.

The model naturally lends itself to address increasingly asymmetric
dimers. In particular, in the strong coupling regime and for small asym-
metries �İ12, a negative Ē value favors energy delocalization, thus
making the dimer behave like an aggregate. Further increasing the
asymmetry �İ12, the dimer becomes a RET pair.

The firm basis set on this chapter opens the way to several possible future
steps, the most challenging and interesting being the inclusion of the
effects due to a polar environment (e.g., a polar solvent). Indeed, the
photophysics of supramolecular assemblies can be strongly affected by
the interactions with the surroundings.[244, 245] Moreover, having a fully
dynamical picture of symmetry breaking induced by solvation effects in
photoexcited dimers and RET among aggregates would be of paramount
importance in the development of new functional materials.[246]
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Squaraine dyes are a well known and widely investigated family of or-
ganic chromophores with unique spectral properties.[170, 247–256] They
are characterized by a rigid inner core, the squaraine ring, with a strong
electron affinity and, typically, two equivalent electron-donating groups
are attached to the inner core in a centrosymmetric D-A-D structure.
So called quadrupolar DAD (or ADA) dyes are often unstable towards
symmetry breaking either in the excited state (class I quadrupolar dyes)
or in the ground state (class III quadrupolar dyes), a phenomenon that
shows up most clearly in fluorescence or absorption solvatochromism,
respectively.[170] Squaraines are the most famous representatives of the
elusive family of quadrupolar dyes of class II, and resist symmetry break-
ing in either the ground or excited state, as a result of a strong conjugation
among the D and A molecular moieties. They show intense, narrow and
marginally solvatochromic absorption and fluorescence bands, typically
in the red portion of the spectrum, that can be moved to the near infrared
region by a judicious choice of the D groups.[11, 257–260] Moreover, at
roughly twice the energy of linear absorption, a state is found, dark to
linear absorption, but with a large (resonantly enhanced) two photon
cross-section.[170] Squaraine dyes are investigated and exploited for NLO
applications,[248] bioimaging,[261] biosensing[262] and photodynamic
therapy.[263, 264] Another interesting applicative field for squaraine
dyes is found in solar cells,[265–267] where most interesting results are
obtained with squaraine aggregates that show an amazing panchromatic
absorbance spectrum.[260, 268–275]

Squaraine aggregates are fascinating systems, attracting interest not
just for their panchromatic spectrum, but also for amplified NLO re-
sponses,[276] and for large chiral responses.[6, 277, 278] Modeling
squaraine aggregates is challenging as the intertwined role of electrostatic
(ES) intermolecular interactions, intra and intermolecular charge transfer
(CT) and disorder must be taken into account. In a series of papers, [169,
206, 274, 279] Spano and Collison first proposed that the panchromatic
absorption spectrum of squaraine aggregates is due to intermolecular CT
interactions, a hypothesis recently supported by detailed spectroscopic
measurements in squaraine crystals.[280] The same hypothesis was very
recently challenged in a paper where linear absorption and pump-probe
spectra of squaraine aggregates are discussed in the framework of a
disordered exciton model.[281]

In this complex and intriguing scenario, in this chapter chiroptical prop-
erties of a series of chiral squaraine aggregates are addressed. Specifically,
a family of anilino squaraine dyes decorated with chiral pendants bearing
alkyl chains of different length is investigated and theoretical modeling
is exploited in an attempt to unveil the physics underlying the observed
peculiar experimental features. The dyes aggregate in solution forming
chiral superstructures that, depending on the length of the terminal

The work presented in this chapter is published in J. Mater. Chem. C, 11, 8307-8321, 2023,
where additional details on the experimental characterization can be found, together with
a Molecular Dynamics study of the structure of the aggregates.
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alkyl chain, show distinctively different behavior. Aggregates of dyes
decorated with alkyl chains with intermediate length (from C6 to C10)
show two features in absorbance spectra: the first one at 500-550 nm
is located to the blue with respect to the monomer absorption (at 640
nm) and the second one, in the 700-800 nm spectral region, is strongly
red-shifted vs the monomer absorption. Quite interestingly, a bisignated
signal appears in the CD spectrum in correspondence of both features.
In aggregates formed by dyes with either shorter (C3-C5) or longer (C11,
C12, and C16) pendants, instead, the features at long wavelength become
extremely weak and almost disappear.

This complex experimental scenario will be discussed adopting an es-
sential state model (ESM) approach,[170] describing each squaraine dye
in terms of three basis states, leading to a molecular model that reliably
describes the spectral properties of the isolated dye.[170, 282] A first
model for the aggregate, the ESM-ES, is then built accounting just for
ES interactions among the dyes, much as in the standard exciton model.
ESM-ES results are compared with the ones obtained with the standard
exciton model. The pictures emerging from the two models are qualita-
tively similar, suggesting that the experimental data can be accounted
for in terms of the coexistence of H- and J-aggregates in the system.

Following the original suggestion from Spano and Collison,[169, 206,
274, 279] the model is then extended to also account for intermolecular
CT interactions (ESM-CT model). In such a picture, the highly non-
trivial problem of calculating CD spectra in an aggregate with electrons
delocalized among different molecular units has to be faced. Towards this
aim, the spinless-Fermion approximation adopted by Spano and Collison
is released and the explicit expression for the rotational strengths in
aggregates with delocalized electrons originally proposed in ref.[283]
is exploited. In the ESM-CT approach, the experimental observation
of two features in absorption spectra and two exciton couplets in CD
spectra can be rationalized accounting for a single aggregate structure, an
appealing result, as it does not require the somewhat ad hoc hypothesis
of two families of aggregates. However, the model cannot describe the
behavior of systems with short or very long alkylic chains that show a
single dominant feature either in absorption or CD spectra.

While a firm conclusion on the structure of the chiral aggregates of
squaraine dyes is hardly reached, the discussion sets the basis for a
thorough understanding of the physics of chiral aggregates. In any case,
the origin of the two bands as related to a Davydov splitting can be
excluded, strongly suggesting that the panchromatic spectrum seen in
squaraine films implies the presence of more subtle phenomena.

The chapter is structured as follows: in section 5.1 an overview of available
experimental data is given and in section 5.2 the essential state model
for an isolated quadrupolar dye is briefly presented. In section 5.3 the
aggregation problem is addressed accounting for purely electrostatic
intermolecular interactions (ESM-ES approach), together with a compari-
son with the results obtained with the exciton model. In section 5.4 the
model is extended to intermolecular charge transfer (ESM-CT approach)
and, finally, section 5.5 concludes the chapter.
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5.1 Experimental data

The different proline-derived squaraine dyes (ProSQs, molecular struc-
ture in panel c of figure 5.1), which differ in the terminal alkyl chain length
(C3 to C12 and C16), were investigated for their aggregation behavior
in poor solvent titration experiments. Experimental absorbance and CD
spectra of colloidal (S,S)-ProSQ aggregates having an alkyl chain length
of C5, C10 and C12 in varying ratios of the poor solvent methanol-water
mixture are plotted in figure 5.1. These compounds are representative for
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Figure 5.1: Experimental UV/Vis absorbance spectra (top row) and corresponding ellipticity spectra (bottom row) for selected (S,S)-ProSQ
compounds with varying alkyl chain lengths: C5 in a and b, C10 in c and d, and C12 in e and f. The inset in c sketches the molecular
structure were R denotes the varying alkyl chain. The legend indicates the volume-percentage of water in the methanol-water mixture
used as bad solvent (good solvent being chloroform) and applies for all plots.
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Figure 5.2: UV/Vis absorbance spectra (top row) and corresponding ellipticity spectra (bottom row) in a 2D representation of all
(S,S)-ProSQ compounds with varying alkyl chain lengths (C3 to C12 and C16) for two selected volume-percentages of water in the
methanol-water mixture: 4 % in a and b and 40 % in c and d.

Experimental data presented in section 5.1 and in appendix B were recorded by Marvin F.
Schumacher and Dr. Jennifer Zablocki in the lab of prof. Arne Lützen, University of Bonn.
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the different aggregation regimes, data for the entire series of molecules
are reported in appendix B. The C10 compound has an intermediate alkyl
chain length and expresses two pronounced aggregate absorbance bands
with two corresponding bisignate CD bands (panels c and d). These
aggregate absorbance bands are blue- and red-shifted with respect to the
monomer absorbance band peaking at 640 nm. Both for the C5 and the
C12 compounds, the blue-shifted aggregate absorbance and CD features
are largely dominant (panels a and b, and e and f, respectively). The over-
all aggregation tendency increases with increasing chain length, which is
indicated by the reduction of the molecular absorbance band already in
the initial pure methanol solvent. Therefore, the predominant expression
of blue-shifted spectral features is neither simply correlated with alkyl
chain length nor with aggregation tendency. The dissolved monomers do
not have a corresponding CD feature since the stereogenic carbon atoms
are located on the pyrrolidine rings carrying the alkyl chains, and is
not conjugated with the chromophoric squaraine backbone. The circular
dichroism of the aggregate arises from the chiral arrangement of the
squaraine backbones directed by the chiral alkyl chains.

The two-dimensional representation of absorbance and CD spectra for
all (S,S)-ProSQ compounds for two selected methanol-water mixing
ratios are shown in figure 5.2 to give a better impression of the different
aggregation regimes. For a lower water fraction of 4 vol% (panels a and
b) there is a dominant blue-shifted bisignate CD response for both the
shorter (C3 to C5) and the longer (C11, C12, C16) alkyl chain compounds,
while the intermediate alkyl chain length (C6 to C10) compounds form
more pronounced red-shifted bisignate CD response. Interestingly, the
red-shifted CD signatures are not smoothly bisignate in shape but express
more detailed spectral features. For a higher water fraction of 40 vol%
(panels c and d) nearly no molecular dissolved compounds are left. The
bisignate blue-shifted CD response for the shorter and longer alkyl chain
compounds gains signal strength and maintains the signs of the band,
while the red-shifted CD features of the intermediate alkyl chain length
compounds become less detailed and the bisignate shape becomes more
evident, with an inverted sign with respect to panel b.

5.2 Model for the isolated molecule

All molecules of interest have the same chromophoric core, and only differ
for the different length of the alkyl pendants. The spectral properties
of the isolated molecules in the visible region are not affected by the
length of the pendants, as best recognized looking at the absorption
spectrum, where the monomer absorption is seen in all cases as a narrow
band at 640 nm. The chiral groups, while instrumental to guide the
aggregate into chiral supramolecular structures, do not affect the spectral
properties of the non-aggregated molecules, that do not show any CD
response. The model for the isolated molecule can therefore be defined
and parametrized only accounting for the main chromophoric part.

Low-energy spectral properties of squaraine dyes are well-captured by
an essential state model (ESM) that only accounts for three electronic
states.[170, 282] The three basis (diabatic) states correspond to the main
resonating structures, a neutral (DAD) state, |Ċð, and two degenerate
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Figure 5.3: Diabatic (left) and adiabatic
(right) states for a quadrupolar dye.

zwitterionic states (D+A−D and DA−D+) |Ė1ð and |Ė2ð. The zwitterionic
states are separated from the neutral state by an energy gap 2İ0 and are
coupled to the neutral state by a mixing matrix element −�. Vibronic
coupling is marginally relevant in squaraines, so that, in view of the
complexity of the aggregation problem, it is not addressed. Polar solvation
will not be discussed either, as it does not affect the spectral properties of
squaraines that have and maintain a centrosymmetric (hence non-polar)
structure both in the ground and excited states.[170] The molecular
Hamiltonian reads:

ℎ̂ = 2İ0�̂ − ��̂ (5.1)

with

�̂ =
∑

ġ=1,2

|ĖġðïĖġ |

�̂ =
∑

ġ=1,2

(|ĊðïĖġ | + |ĖġðïĊ |) (5.2)

Finally, the molecular dipole moment is aligned along the long molecular
axis and its magnitude is measured by the operator:

Ě̂ = �0(|Ė1ðïĖ1 | − |Ė2ðïĖ2 |) (5.3)

where �0 is the equal and opposite permanent dipole moment associated
with the zwitterionic forms, |Ė1ð and |Ė2ð.

Accounting for symmetry helps to understand the photophysics of
squaraines:[170, 256] the two zwitterionic states can in fact be mixed
into a symmetric |Ė+ð and an antisymmetric |Ė−ð combination. The |Ċð
and |Ė+ð states are mixed into a ground |ĝð and a symmetric excited |ěð
state, while |Ė−ð stays unmixed, as sketched in figure 5.3. The lowest
energy excitation |ĝð → |Ė−ð is active in one-photon absorption, while
the higher energy excitation |ĝð → |ěð is seen in two-photon absorption.
The model parameters for squaraines can be fixed to best reproduce
the position of one and two photon absorption band. Specifically, the
one and two photon transition energies ℏ$ę=1.93 eV and ℏ$ě=3.04 eV,
respectively,[282] allow to fix �= 1.04 eV and İ0=0.4 eV. Finally, the
experimental transition dipole moment, �ę=12.5 D[282] fixes �0=20.83 D.
This corresponds to a dipole length ė ∼ 4.33 Å, that is assigned as the
effective length of each D-A arm (see figure 5.4). The parametrization of
the electronic Hamiltonian against solution data ensures that it implicitly
accounts for the effect of the medium refractive index:[17] the marginal
variability of the refractive index in common organic solvents and, more
generally, in organic media, allows to adopt environment independent
model parameters to describe dyes in organic media.[17, 135, 284]

5.3 Simulations of the spectral properties of

aggregates: the ESM-ES approach

The alkyl pendant and the chiral groups play a fundamental and specific
role in guiding the geometry of the supramolecular assemblies formed
upon aggregation in poor solvents. This specific role is recognized in
the distinctively different spectral properties of the aggregates formed
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by dyes with alkyl chains of different length (figures 5.1, 5.2), and by
the opposite sign of the CD spectra collected from aggregates formed
by enantiomeric species. As stated above, the tendency to aggregate
is amplified in systems with longer chains. Specifically, signatures of
aggregation are seen already in pure methanol solvent for pendants
longer than C7, while for C16 only the aggregated form is observed. In
any case, the spectral properties of the aggregates in the visible region
are dominated by the chromophoric cores and their interactions.

As it was done in chapter 4 for dipolar dyes, the essential state model for
quadrupolar dyes proposed in the previous section is here extended to
aggregates accounting for electrostatic (ES) intermolecular interactions
(ESM-ES approach). In the same spirit as in chapter 4 (where the topic is
discussed in details), a comparison with the results of the simpler exciton
model is also proposed.

5.3.1 The exciton model

As extensively discussed in chapter 3, the exciton (or Kasha) model[190,
212] is widely and successfully applied to describe linear spectral proper-
ties of molecular aggregates. Briefly, the basic assumption of the exciton
model is that electrons are localized on each molecular unit, so that
only ES intermolecular interactions are accounted for and are usually
dealt with in the dipolar approximation. In the standard version of
the exciton model, molecules are described in terms of a single excited
state with frequency $ę , so that the number of states bearing a single
excitation is equal to Ċ , the number of molecules in the aggregate. Finally,
the interactions between non-degenerate states are neglected, so that
the exciton Hamiltonian is defined on the Ċ degenerate states bear-
ing a single excitation. As highlighted in chapter 4, this approximation
amounts to neglect the molecular polarizability.[85, 174, 207] In other
terms, when the molecules are brought together in the aggregate, the
exciton model neglects any interaction with the surrounding molecules
apart from the exciton delocalization. This is a good approximation for
poorly polarizable molecules or, equivalently, when the excitation energy
is much larger than intermolecular interactions, but is expected to fail for
aggregates of largely polarizable molecules with low-lying excitations,
like squaraines.[85, 86, 174, 206, 207, 285]

As stated above, electrostatic intermolecular interactions are typically
introduced in the dipolar approximation so that the interaction between
the two states where either molecule ğ or Ġ is in the excited state reads:

Ćğ Ġ =
�2
ę

4��0�2Ě3
ğ Ġ

ăğ Ġ (5.4)

where �ę is the transition dipole moment of the isolated dye, �0 is the
vacuum dielectric constant, � is the medium refractive index and ăğ Ġ is a
purely geometric factor that only depends on the distance and relative
orientation of the transition dipole moments on the two molecules:

ăğ Ġ = ®ěğ · ®ě Ġ − 3(®ěğ · ®ěğ Ġ)(®ě Ġ · ®ěğ Ġ) (5.5)
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where ®ěğ is the unit vector parallel to the dipole moment on molecule ğ

and ®ěğ Ġ is the unit vector associated with the ğ − Ġ direction.

To address absorption spectra, transition dipole moments must be calcu-
lated from the ground state (the state where all molecules are not excited)
and the )ġ eigenstates. To do so, the total dipole moment operator is
defined as the vectorial sum of the molecular dipole moment operators, so
that the transition dipole moment and the rotational strength for the ġ-th
exciton transition are easily expressed on the basis of the transition dipole
moments on each dye and their relative orientation and positions.[286]
Since in the exciton model the dimension of the relevant subspace is
equal to Ċ (the number of dyes in the aggregates) very large aggregates,
easily up to thousands dyes, can be addressed.

5.3.2 The ESM-ES Hamiltonian

ESMs for polar and multipolar dyes lend themselves quite naturally to
address ES intermolecular interactions in molecular aggregates, releasing
the main approximations of the exciton model.[84, 85, 207, 276, 287]
Specifically, modeling aggregates of DAD dyes the dipolar approximation
is released and each molecule is described in terms of a ground and
two excited states. More interestingly, however, since intermolecular
interactions are defined on the diabatic basis, the resulting model fully
accounts for the molecular polarizability, allowing the charge distribution
on each dye to readjust in response to the ES potential generated by the
surrounding molecule.[85, 174, 207, 287] As in the exciton model[190,
212], in this section the overlap between frontiers molecular orbitals of
different molecules is neglected, so that electrons are fully localized on
each squaraine unit and intermolecular interactions are just ES in origin.
The basis set relevant to the aggregate is then the direct product of the
three basis states of each dye, for a grand-total of 3Ċ states. This limits
the dimension of aggregates that can be reasonably dealt with to ∼ 9.
The Hamiltonian for the aggregate reads:

Ą̂ =
∑

ğ

ℎ̂ğ +
∑

ğ> Ġ

∑

Ħ,ħ

ĒğĦ, Ġħ ħ̂ğ ,Ħ ħ̂ Ġ ,ħ (5.6)

where the first term is the sum of the molecular Hamiltonians in eq.
5.1, with ğ running on the molecules. The second term accounts for ES
intermolecular interactions, with ğ and Ġ running on the molecules, and
Ħ and ħ on the three sites (D, A, D) of each molecule. The three operators
measuring the charge on each site of the ğ-th molecule are:

ħ̂ğ ,1 = |Ė ğ
1ðïĖ ğ

1 |
ħ̂ğ ,2 = −|Ė ğ

1ðïĖ ğ
1 | − |Ė ğ

2ðïĖ ğ
2 | (5.7)

ħ̂ğ ,3 = |Ė ğ
2ðïĖ ğ

2 |.

Finally, the ES interaction between unit charges residing on site Ħ of
molecule ğ and site ħ of molecule Ġ is

ĒğĦ, Ġħ =
1

4��0�2

1

|®ĨğĦ − ®Ĩ Ġħ |
(5.8)
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Figure 5.4: Schematic representation of
the aggregate geometry. The blue and
green spheres represent the electron
donor (D) and acceptor (A) sites, re-
spectively. Geometrical parameters are
shown: ė is the length of the D-A arm, Ĩ is
the interplanar distance, Į is the displace-
ment along the long molecular axis, 
 is
the angle formed by adjacent molecules.
Positive and negative 
 describes left and
right handed helices, respectively.

where ®ĨğĦ is the vector that defines the position of the ğ , Ħ site and � is
the effective refractive index, accounting for the medium refractive index
and for the screening due to electrons not explicitly accounted for in the
model.

5.3.3 Calculation of absorption and CD spectra

To calculate absorption spectra in either the exciton or the ESM-ES model,

the dipole moment operator for the aggregate ®̂Ā is defined as the vectorial

sum of molecular dipole moments ®̂ĚĤ . The transition dipole moment
from the ground state |#0ð to state |#ğð is finally obtained as needed to
calculate the linear absorption spectrum following the sum over states
expression:

ýĘĩ($) = 1

Ċ
ℏ$

∑

ğ

ě
− ℏ$−ℏ$ğ

2�2 |ï#ğ | ®̂Ā |#0ð|2 (5.9)

whereĊ is the number of molecules in the aggregate and ℏ$ğ is the energy
of the |#0ð → |#0ð transition A Gaussian bandshape with standard
deviation � is assigned to each transition. � = 0.04 eV is used in this
chapter.

The rotational strength, defining the intensity and sign of each feature in
the CD spectrum, is:

Ďğ = ℑ{ï#0 | ®̂ĉ |#ğð · ï#ğ | ®̂Ā |#0ð} (5.10)

where ℑ{...} takes the imaginary part and ®̂ĉ is the magnetic dipole
moment operator. Since for both the exciton and the ESM-ES model
electrons are localized on each molecular unit, following Condon[288,
289] the rotational strength can be evaluated as:

Ďğ ∝
∑

ģ≠Ĥ

(®ĨĤ − ®Ĩģ) · ï#0 |Ě̂Ĥ |#ğð ' ï#ğ |Ě̂ģ |#0ð (5.11)

where ®Ĩģ is the position vector of the ģ-th molecular site. CD spectra
are then calculated as:

ÿĀ($) = 1

Ċ

∑

ğ

ě
− ℏ$−ℏ$ğ

2�2 Ďğ . (5.12)

5.3.4 Results

Experimental hints about the structure and dimension of the aggregates
are unfortunately lacking. An extensive MD study by L. Grisanti[290]
suggested that the chromophoric cores may arrange in helical structures.
Figure 5.4 shows a schematic view of the adopted aggregate geometry
with the definition of the main geometrical parameters: ė is the length of
the D-A arm, Ĩ the distance between adjacent molecular planes, 
 the
rotation angle between adjacent molecules, and Į the displacement of
the dyes along the long molecular axis.

The color maps in Fig. 5.5 show absorption and CD spectra calculated
for aggregates of Ċ=2, 4 and 8 molecules with the ESM-ES Hamiltonian,
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with Ĩ=3.5 Å, 
=20◦ (left-handed helix) and variable Į (ė is fixed to
4.33 Å, as explained in section 5.2). Results for different geometries
and different values for �2, reported in appendix C, demonstrate that
different aggregate geometries lead to marginally different spectra, yet
maintaining the general picture unaffected.

Comparing results for 4 and 8 sites, the spectra become cleaner, as
expected, due to the progressive reduction of finite size effects. Moreover,
the splitting between the positive and negative peaks in the CD spectrum
reduces when going from 4 to 8 sites, an effect that is more pronounced at
small Į. Nevertheless, the overall picture is only marginally altered and
the main qualitative features of a large aggregate are already captured

Figure 5.5: Spectral properties of squaraine aggregates described in the ESM-ES approach (model Hamiltonian in eq. 5.6). Molecular
parameters: İ0=0.4 eV, �=1.04 eV, ė=4.33 Å. Results are shown for aggregates of 2, 4 and 8 molecules with Ĩ=3.5 Å and 
=20◦. The color
maps show the absorption intensity (top panels) and the CD intensity (bottom panels) plotted against the wavelength (horizontal axis)
upon varying Į (vertical axis). All intensities, in arbitrary units, are normalized to the number of molecules. Notice the different scale
adopted for the CD intensity in the three bottom panels to account for the superlinear amplification of CD intensity with aggregate size.

Figure 5.6: Results for aggregates of 2, 4 and 8 molecules obtained in the standard exciton model for the same geometries as in figure 5.5
and setting the molecular parameters entering the model as $ę=1.93 eV, �ę=12.5 D (values from ref.[282]). Same quantities as in figure
5.5 are shown. All intensities, in arbitrary units, are normalized to the number of molecules.
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for Ċ=4. On the opposite, the dimer leads to a qualitatively different
picture. The dimeric model qualitatively captures the behavior of linear
absorption, where a single band largely dominates the spectrum, located
to the blue of the monomer absorption for small Į (H-aggregate geometry)
and progressively moving to the red at larger Į (J-aggregate geometry).
However, the situation changes when looking at CD spectra. In all cases, a
bisignated feature appears: at small Į, the positive CD feature is observed
at higher frequency (shorter wavelength, as expected for a left-handed
H-aggregate), while at large Į (when moving to a J-aggregate structure)
the sign of the CD doublet reverses.[217] The CD signal for the dimer
is qualitatively different from the one obtained for longer aggregates.
For a dimer in fact the positive and negative CD signatures are seen
at the frequencies of the upper and lower exciton states, so that the
distance between the two peaks amounts to twice the exciton coupling.
In bigger aggregates, instead, the exciton couplet involves nearby states
close in energy to either the highest energy states in the exciton band
(H-aggregates) or to the lowest energy states in the exciton band (J-
aggregates). Therefore, the distance between the positive and negative
peaks is not a measure of the exciton splitting in aggregates with Ċ >

2.[217] A lesson is learned here: dimeric models work reasonably well to
describe linear absorption spectra, but they are misleading when applied
to CD spectra. Another interesting observation concerns the intensity of
the spectra. Absorption and CD intensities in Fig. 5.5 are normalized to
the number of sites. As expected, the normalized absorption intensity is
roughly constant upon increasing the aggregate length. On the opposite,
the normalized intensity of the CD signals increases fast with Ċ , a result
that could explain the very large chiroptical responses reported recently
for annealed thin films of proline-derived squaraines with C16 alkyl
chain (ProSQ-C16).[278]

It is instructive to compare results from ESM-ES model in figure 5.5
with the results obtained for the same geometries in the standard exciton
model in figure 5.6. The two sets of results share some similarity, with a
single main absorption peak and a single main bisignated signature in
CD spectra. Moreover, as expected, in both models the absorption peak
is located to the blue of the monomer absorption for superimposed or
almost so molecules (small Į in figure 5.4, H-like aggregates) while it
is located to the red of the monomer absorption for largely displaced
molecules (large Į in figure 5.4, J-like aggregates). However, some impor-
tant differences between the two models can be pointed out. In the exciton
model the switch from H- to J-aggregate behavior occurs for Į ∼ 2.5Å,
while much larger values are needed in the ESM-ES model (Į ∼ 6Å). In
the exciton model, the molecular polarizability is disregarded, so that the
position of the absorption band vs the monomer absorption is determined
only by the sign of the intermolecular electrostatic interactions, positive
for H-aggregates (blu-shifted absorption) and negative for J-aggregates
(red-shifted absorption). Since, as recently discussed,[217, 291] for fixed
helicity the sign of the CD doublet depends on the sign of intermolecular
interactions, in the exciton model the sign of the bisignated signature in
the CD spectrum reverses precisely at the same Į value where the absorp-
tion band cohincides with the monomer absorption (i. e. intermolecular
interactions equal to zero, the crossing point from H- to J-behavior). The
situation is more complex in the ESM-ES model, where the molecular
polarizability is fully accounted for so that the charge distribution on
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each molecular unit rearranges in response to the presence of surround-
ing molecules. Accordingly, the reference absorption frequency of the
monomer does not coincide with the one observed for the isolated dye
and the position of the absorption peak of the aggregate cannot be only
ascribed to the sign of the interaction. Just for the sake of simplicity, let’s
focus on the dimer case (left panels of figure 5.5): the sign of the CD
spectrum reverses at Į ∼ 6Å, unambiguously suggesting that the sign
of the intermolecular interaction is positive for Į < 6Å, and negative for
Į > 6Å. This apparently contrasts with the observation of a red-shifted
absorption in the region of Į comprised between 4 and 6 Å. Indeed
this is the strange region of non-fluorescent J-aggregates (or red-shifted

H-aggregates) corresponding to a region where the blue-shift associated
with repulsive intermolecular interactions is overcompensated by the
red-shift of the monomer absorption as due to the rearrangement of the
charge distribution occurring in each polarizable molecule in response
to the electric potential generated by the surrounding molecules.[86,
206, 207, 292] How ESMs relax the approximations of the exciton model
accounting for the molecular polarizability is discussed in details in
chapter 4.

As noticed above, both the exciton model and the ESM-ES model predict
for the dimer a bisignated CD signal whose positive and negative peaks
are close to the position of the two Davydov components, so that the
CD spectrum is centered at the position of the monomer absorption. For
larger aggregates instead, the main CD features are seen in the close
proximity of the main absorption band, so that the CD bisignated signal is
centered either to the blue or to the red of the monomer absorption in H-
or J-aggregates, respectively.[217] These results teach another important
lesson: as long as electrons stay localized in each molecular unit, a single
main bisignated CD signal is expected for each aggregate geometry. In
the hypothesis of localized electrons, the experimental observation of
two bisignated peaks in squaraine aggregates therefore rules out the
possibility that the red and blue spectral features observed in absorption
spectra are related to two Davydov components, that would imply a single
bisignated signal in the CD spectrum. This is an important observation
as it excludes at least one of the possible scenarios invoked to explain the
spectra of squaraine films.[273]

Having a general picture of the spectral properties of an aggregate of
squaraine dyes described in the ESM-ES approach, experimental data can
be addressed. The observation of two spectral features in both absorption
and CD spectra can be rationalized within ESM-ES as due to the formation
of large aggregates (at least larger than dimers) where structures with
Į = 6 − 8 Å, responsible for the feature in the red region of the spectrum,
coexists with structures with Į ∼ 2 Å, responsible for the spectral feature
at ∼ 500 nm. Quite interestingly, the feature in the red portion of the
spectrum is located very close to the region where the simulated CD
feature changes its sign, possibly explaining the large variability of
the experimental CD spectrum in this region. Of course, the different
intensities of the two spectral features in the aggregates formed by dyes
with different side chains could be rationalized in terms of different
relative amounts of the two aggregates in the different systems.
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Figure 5.7: A sketch of intramolecular (�)
and intermolecular (�) charge resonance
interactions, shown as double-sided ar-
rows, for a pair of adjacent molecules.

5.4 Introducing intermolecular charge

resonance: the ESM-CT approach

5.4.1 The ESM-CT Hamiltonian

In recent years, squaraine aggregates have been extensively investigated
by Collison and Spano,[169, 206, 272, 274, 279] who ascribed the fairly
complex absorbance spectra of (non-chiral) squaraine films to the pres-
ence of charge transfer (CT) interactions among adjacent molecules.
Specifically, a sizable overlap between two D-A pairs in nearby molecules,
as schematically shown in figure 5.7, was proposed to justify the experi-
mental observations. The films of (non-chiral) anilino squaraines with
linear terminal alkyl chains investigated by Collison and Spano show
two bands in the absorption spectrum, one to the blue and one to the
red of the monomer absorption band, much as in the case investigated
here, even if with much broader bandshapes. It is therefore interesting to
see if a model accounting for intermolecular CT interactions (ESM-CT)
does also apply to the colloidal suspensions of chiral proline-derived
squaraine aggregates of interest in this chapter.

The Hamiltonian for Ċ molecules is constructed as a modified Hubbard
Hamiltonian accounting on each molecule for three sites (D-A-D) and
four electrons. The Hamiltonian reads:[283]

Ą̂ =
∑

ğ ,Ħ

�Ħ Ĥ̂ğĦ +
đ

2

∑

ğ ,Ħ

Ĥ̂ğĦ(Ĥ̂ğĦ − 1) + 1

2

∑

ğĦ, Ġħ

ĒğĦ, Ġħ ħ̂ğĦ ħ̂ Ġħ

− �√
2

∑

ğ

(

Ę̂ğ1,ğ2 + Ę̂ğ2,ğ1 + Ę̂ğ2,ğ3 + Ę̂ğ3,ğ2

)

(5.13)

− �
√

2

∑

ğ

(

Ę̂ğ2,(ğ+1)1 + Ę̂(ğ+1)1,ğ2 + Ę̂ğ3,(ğ+1)2 + Ę̂(ğ+1)2,ğ3
)

where ğ , Ġ run on the Ċ molecules (apart from the last term, where
the sum is truncated at Ċ − 1), and Ħ, ħ run on the three sites on each
molecule. The operator that counts the electrons on the Ħ site of the ğ-th
molecule is Ĥ̂ğ ,Ħ =

∑

� ė
 
ğ ,Ħ,�

ėğ ,Ħ,�, where ėğ ,Ħ,� and ė 
ğ ,Ħ,�

annihilate and
create, respectively, an electron with spin � on relevant site. The auxiliary
hopping operator is also defined Ę̂ğĦ, Ġħ =

∑

� ė
 
ğ ,Ħ,�

ė Ġ ,ħ,� that destroys an
electron on site Ġ , ħ and creates an electron on site ğ , Ħ. The energy of
the Ħ site on each molecule is �Ħ , while đ (site-independent for the sake
of simplicity) is the energy required to put two electrons on the same
site. The intra and intermolecular electron hopping are described by
� and �, respectively. Finally, ES interactions are described by the last
term in the first row: the operators measuring the charge on each site
are ħ̂ğ ,Ħ = 2 − Ĥ̂ğ ,Ħ for Ħ=1,3 (D sites) and ħ̂ğ ,Ħ = Ĥ̂ğ ,Ħ for Ħ=2 (A site) and
ĒğĦ, Ġħ is defined as in Eq. 5.8.

The ESM-CT must describe exactly the same physics as the ESM-ES in
section 5.3 when � = 0, provided that model parameters are properly
selected. States with D sites bearing a negative charge or A sites bearing
a positive charge or where sites bear double charges (D2+ or A2−) are
excluded setting their energy virtually to infinite. On-site energies are
defined as �Ħ = −� for Ħ=1,3 (D sites) and �Ħ = +� for Ħ =2 (A site).
For direct comparison with essential state models, the energy difference
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between D+A−D and DAD configurations is 2İ0 = 2�−đ −Ē , where

Ē = Ēğ1,ğ2 = Ēğ2,ğ3 =
1

4��0�2ė
(5.14)

is the ES interaction energy between two charges on adjacent D and A
sites in the same molecule. Ē therefore depends on the geometry of the
molecule (specifically, on the length of the DA arm ė), and for fixed 0İ

and Ē , � is estimated as � = İ − (đ + Ē)/2. This relation makes the
numerical value of đ irrelevant, readjusting � as to map exactly the
Hamiltonian in eq. 5.13 over the ESM-ES Hamiltonian in eq. 5.6.

5.4.2 The real space basis and the bit representation

The definition of the basis relevant to the Hamiltonian in eq. 5.13 describ-
ing delocalized electrons in the aggregate is a delicate issue. If electrons
can hop among different molecules, the number of states needed to
describe the aggregate increases very fast with Ċ , even when high en-
ergy states (with doubly charged sites or with negatively charged D
or positively charged A) are discarded. In a dimer, accounting only for
charge degrees of freedom (i. e. approximating the electrons as spinless
fermions), the number of states increases from 9 in the case of localized
electrons to 15.[279] However, 15 states are not enough if the electron spin
is properly accounted for, leading to much larger basis. To account for
spin degrees of freedom, the smallest basis is the valence-bond basis, that
works on subspaces where the total spin quantum number ď is conserved.
Just as an example, figure 5.8 shows how a single diagram in the spinless
fermion representation, corresponding to a specific charge distribution,
actually corresponds to two valence bond-diagrams in the singlet states
ď = 0.

The valence bond basis is very convenient in terms of reduced dimen-
sion of the subspaces, but it has the main disadvantage of being non-

Figure 5.8: (a) Specific charge distribu-
tion for a dimer, corresponding to a sin-
gle basis state in the spinless fermion
approximation adopted in ref. [279]. (b)
The two valence bond states correspond-
ing to the same charge distribution as
in (a) where the black lines mark two
electrons paired in a singlet state, in the
standard representation by Pauling. (c)
The six real space diagrams correspond-
ing to the charge distribution in (a), the
numbers assigned to each diagram cor-
respond to the labels in table 5.1.
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1 1275 110111 110010
2 1467 110111 011010
3 1515 110101 111010
4 1530 010111 111010
5 1659 110111 100110
6 1719 111011 010110
7 1755 110110 110110
8 1767 111001 110110
9 1779 110011 110110
10 1782 011011 110110
11 1785 100111 110110
12 2295 111011 110001
13 2427 110111 101001
14 2487 111011 011001
15 2523 110110 111001
16 2535 111001 111001
17 2547 110011 111001
18 2550 011011 111001
19 2553 100111 111001
20 2679 111011 100101
21 2775 111010 110101
22 2805 101011 110101
23 3195 110111 100011
24 3255 111011 010011
25 3291 110110 110011
26 3303 111001 110011
27 3315 110011 110011
28 3418 011011 110011
29 3321 100111 110011
30 3435 110101 101011
31 3450 010111 101011
32 3483 110110 011011
33 3495 111001 011011
34 3507 110011 011011
35 3510 011011 011011
36 3513 100111 011011
37 3546 010110 111011
38 3555 110001 111011
39 3558 011001 111011
40 3561 100101 111011
41 3570 010011 111011
42 3675 110110 100111
43 3687 111001 100111
44 3699 110011 100111
45 3702 011011 100111
46 3705 100111 100111
47 3735 111010 010111
48 3765 101011 010111
49 3795 110010 110111
50 3798 011010 110111
51 3801 100110 110111
52 3813 101001 110111
53 3825 100011 110111

Table 5.1: The 53 diagrams composing
the real space basis for a dimer. The first
column numbers the diagrams, the sec-
ond column is the integer number repre-
sentative of each state, the third column
is the corresponding bit representation.

orthonormal, leading to a somewhat cumbersome calculation of the
matrix elements. The much simpler real-space basis is therefore adopted,
where the 4Ċ electrons are distributed on the different sites and only
states with the total projection of the spin operator equal to zero ďİ=0
are considered (i. e only states with an equal number of spins up and
down). This leads to a much larger basis set than in valence bond, since
it also includes ďİ=0 components from triplet and higher spin states, but
with the advantage of working with an orthonormal basis. Specifically,
figure 5.8 shows that the spinless fermion state in panel (a) corresponds
to 6 real space states in panel (c). With such a basis, the dimension scales
from 53 states in a dimer, to 707 in a trimer and 10453 in a tetramer.

The bit representation is used to manipulate the real space basis, assigning
2 bits to each site, the first bit referring to a spin up and the second bit
to a spin down. Of course 0/1 means that the specific spin state is
void/occupied; 10 represent a state occupied by a spin up, 01 a site
occupied by a spin down and 11 a site occupied by a spin up and a spin
down. Considering a single squaraine, just as an example, the |Ċð state
is represented as 110011, while |Ė1ð is a singlet state, represented as a
linear combination of 100111 and 011011. The string of bits representing
a specific spin distribution (a basis state) is stored in the computer as
an integer number. For a dimer, the real space basis is composed of 53
diagrams, listed in table 5.1.

5.4.3 Calculation of optical spectra: CD for delocalized

electrons

The dipole moment operator, as needed to calculate absorption spectra,
cannot be written as the sum of molecular dipoles due to intermolecular
CT. Its definition, in terms of site charges and positions, is however very
simple:

®̂Ā =
∑

ğĦ

ħ̂ğĦ®ĨğĦ (5.15)

The eigenstates of the Hamiltonian in eq. 5.13 can then be used to calculate
transition dipole moments and hence absorbtion spectra with eq. 5.9.

Addressing CD spectra is much more delicate. The Condon approach[217,
286, 288, 289] only applies to aggregates where electrons are confined
inside each molecular unit, therefore rotational strengths cannot be
calculated with eq. 5.11, but the more general eq. 5.10 must be used. An
explicit expression for both the electric dipole moment operator (given
in eq. 5.15) and for the magnetic dipole moment operator is thus needed.
The derivation of the magnetic dipole moment operator is non trivial.

The magnetic dipole is proportional to the total angular momentum:

®̂ĉ ∝ − ®̂Ĉ = −
∑

ġ

®̂Ģġ (5.16)

where ġ runs on all electrons and the angular momentum of electron ġ is
related to its linear momentum ®̂Ħġ by

®̂Ģġ = ®Ĩġ ' ®̂Ħġ . (5.17)
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Finally the linear momentum can be obtained as

®̂Ħġ = − ğ

ℏ
[ ®̂�ġ , Ą̂] (5.18)

However, in a real-space description the properties of a single electron
cannot be addressed. To overcome the problem the total linear momentum
is directly evaluated. For the sake of clarity, only its Į component is
explicitly addressed:

Č̂Į = − ğ

ℏ
[Ā̂Į , Ą̂] (5.19)

where Ā̂Į is the Į component of the total dipole moment, defined in
eq. 5.15. The dipole moment operator commutes with all terms in the
Hamiltonian in eq. 5.13 but the intra- and inter-molecular hopping terms.
Accordingly:

Č̂Į =
ğ

ℏ
Ī

Ċ
∑

ğ=1

[(Įğ2 − Įğ1)Ĭ̂ğ1,ğ2 + (Įğ3 − Įğ2)Ĭ̂ğ2,ğ3]

+ ğ
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Ċ−1
∑
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(Į(ğ+1)1 − Įğ2)Ĭ̂ğ2,(ğ+1)1 + (Į(ğ+1)2 − Įğ3)Ĭ̂ğ3,(ğ+1)2
]

(5.20)

where the bond velocity is the antiHermitian operator

Ĭ̂ğĦ, Ġħ = Ę̂ğĦ, Ġħ − Ę̂ ğĦ, Ġħ = Ę̂ğĦ, Ġħ − Ę̂ Ġħ,ğĦ . (5.21)

The vectorial product ®̂Ď ' ®̂Č is not the total angular momentum in eq.

5.16. Indeed ®̂Ĉ and hence the magnetic dipole operator is a one-electron

operator, while ®̂Ď ' ®̂Č does contain both one-electron and two-electron

terms. ®̂Ĉ is therefore defined to the purpose selecting out of the ®̂Ď ' ®̂Č
operator only the one-electron terms. Accordingly:
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. (5.22)

Analogous expressions for Ĉ̂į and Ĉ̂İ can be obtained upon cyclic permu-

tation of Į, į, İ indices. Remembering that − ®̂Ĉ ∝ ®̂ĉ, rotational strengths
using eq. 5.10 can be calculated. CD spectra are then obtained according
to eq. 5.12.
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5.4.4 Results

The large dimension of the real space basis and the large number of
matrices to be stored in the computer memory for the calculation of
rotational strengths make ESM-CT calculations extremely demanding,
limiting the dimension of the largest aggregate that could be addressed
to 4 molecules. Nevertheless, the ESM-ES results shown in section 5.3.4
for aggregates of 4 and 8 molecules suggest that, while finite size effects
are sizable, reliable information can already be obtained for 4 molecules.
Figures 5.9 and 5.10 show ESM-CT spectra calculated for a dimer and
a tetramer, respectively, with the same model parameters as in figure
5.5, but with intermolecular CT interactions switched on to � = 0.2, 0.4

Figure 5.9: Spectral properties of a squaraine dimer described in the ESM-CT approach (model Hamiltonian in eq. 5.13). Same geometry
and same molecular parameters as in figure 5.5. The color maps show the absorption intensity (top panels) and the CD intensity (bottom
panels) plotted against the wavelength (horizontal axis) and Į (vertical axis). Left panels refer to �=0.2 eV, middle panels to �=0.4 eV and
right panels to �=0.6 eV.

Figure 5.10: Spectral properties a squaraine tetramer described in the ESM-CT approach. Same geometry and same molecular parameters
as in figure 5.9.
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and 0.6 eV. Results for other aggregate geometries and other parameters
values are shown in appendix C.

As first recognized by Collison and Spano,[279] when intermolecular CT
interactions are accounted for, two major peaks appear in the absorption
spectrum whose separation increases with increasing �. Indeed, two
predominant bands are seen for a dimer (figure 5.9) but, upon increasing
the number of molecules (figure 5.10), additional weak bands are also
seen that could disappear in larger aggregates, being most probably
related to finite size effects. Quite interestingly, two bisignate features
appear in CD spectra in correspondence with the two main peaks seen
in absorption (again the spectrum is somewhat more complex with
additional small features appearing, most probably related to finite size
effects). The superlinear increase of the intensity of CD signal, observed
for the model with localized electrons, is also confirmed in the presence
of intermolecular CT interactions.

Experimental results can now be discussed in the framework of the ESM-
CT approach. Spectra collected for aggregates of dyes with pendants
of intermediate size (C6, C7 or C10) could be roughly accounted for in
terms of aggregates with �=0.4 eV and Į ∼ 3-4 Å. So a single aggregate
type can explain the observation of double features in both absorption
and CD spectra. Simulating absorption and CD spectra accounting for
a single form of aggregates is fairly appealing if compared with the
need to postulate the presence of two different types of aggregates in
the ESM-ES approach. However, the ESM-CT approach hardly applies to
aggregates of dyes with short (C3, C5) or long (C11, C12, C16) chains. In
these aggregates in fact the redmost feature observed in either absorption
or CD spectra has a dramatically reduced intensity if compared with
the blue-most features. In the model presented here, irrespective of the
strength of the CT interaction and of the details of the aggregate geometry
(see appendix C) it is not possible to simulate a spectrum where the
redmost features have negligible intensity.

5.5 Conclusions

The extensive experimental and theoretical study on a large family
of squaraine dyes presented in this chapter attempts to shed light on
the structure of these fascinating systems showing astounding spectral
features. The investigated proline-derived anilino squaraines have similar
chemical structure, bearing a chiral terminal group in each one of the two
D moieties. The only difference among the investigated dyes is the length
of the alkyl pendant attached to each D moiety. These alkyl chains are not
part of the chromophoric system but steer the aggregation pattern. Upon
aggregation, induced in solution by poor solvent titration, the different
compounds show distinctively different spectral properties, suggesting
different aggregation behavior. Specifically, the tendency to aggregation
increases with the length of the alkyl chains. On the contrary, the nature of
formed aggregates, as demonstrated by the spectra, has a more complex
and intriguing behavior. Specifically, dyes decorated with alkyl chains
with intermediate length show in both absorption and CD spectra two
distinct and intense features, one located at longer wavelength vs the
monomer absorption the other one at shorter wavelengths. In aggregates
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of dyes with very short or very long alkyl chains, instead, the spectral
feature located at long wavelength loose intensity and becomes almost
irrelevant, while the spectral position of the two features is basically the
same in all samples.

The spectra of these colloidal suspensions of chiral aggregates, showing
features appearing both to the blue and to the red of the monomer
absorption, while much narrower, do share some similarity with the
panchromatic spectra of squaraine films, then offering some useful hint
about the origin of this technologically relevant and highly debated
feature. Specifically, the consistent observation of two bisignated features
in the CD spectrum of the aggregates here investigated, occurring at
the frequencies of the red and blue-shifted absorption bands, allows
to definitely exclude that the two signals are due to the two Davydov
components of the relevant exciton, as expected in aggregates with
oblique arrangement of the dyes. This conclusion can be very reasonably
extended also to squaraine aggregates in films. Other alternative scenarios
are presently considered in the literature to explain the observation of
two peaks in the spectra of non-chiral anilino squaraine films. In the first
scenario, the observation of the two peaks is ascribed to intermolecular
CT interactions,[279] while an alternative view relies on the presence
of disorder.[281] Of course, the aggregation behavior can be markedly
different in aggregates obtained from different squaraine dyes, however
the chiroptical responses of these proline-derived squaraine aggregates
give precious additional information to shed light on this intriguing
issue.

The lack of structural information for the investigated aggregates com-
plicates the understanding of the picture. After a reasonable guess,
supported by MD calculations,[290] two theoretical models are devel-
oped in order to unveil the physics underneath these such peculiar
features. The essential state model for a quadrupolar dye is adopted
to tackle the aggregation problem including purely electrostatic inter-
molecular interaction (ESM-ES approach) and it is hence extended to
account for intermolecular charge transfer (ESM-CT approach). In the
ESM-ES picture, experimental data can be roughly reproduced assuming
the presence of H-aggregates for squaraines with short (C3-C5) and long
(C11, C12 and C16) side chains and the simultaneous presence of both
H- and J-aggregates for the intermediate chain length regime (C7-C10).
On the other hand, the ESM-CT model elegantly allows to reproduce
the double features observed both in absorption and CD spectra in the
intermediate chain length regime considering only a single aggregate.
However, neither the short nor the long side chain regimes, presenting a
largely dominant blue-shifted feature, can be reproduced in this frame-
work, suggesting that most probably in the specific case disorder is more
important than intermolecular CT. However, due to the complexity of
the calculation, the ESM-CT model could only be applied to systems not
larger than a tetramer, leaving the doubt that finite size effects may alter
the picture.

In conclusion, in this study a novel approach for the calculation of CD
spectra of aggregates in the presence of intermolecular CT interactions
is introduced, a highly non-trivial result. Other important lessons are
learned: care must be taken when using dimeric models to describe larger
aggregates. Even if they proved useful in some cases,[293] in general they
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may be adequate to describe linear spectral properties of aggregates, but
can fail for chiroptical properties. An impressive superlinear amplification
of the CD response with the aggregate dimension that survives both
in the presence or in the absence of intermolecular CT interactions
is recognized. More work is certainly needed to gain a complete and
unified picture of the whole series of chiral proline-derived squaraine
aggregates investigated here, starting from a more detailed experimental
structural characterization. While a firm conclusion is hardly reached,
this extensive study gives important information on chiral responses of
molecular aggregates beyond the exciton model.





Conclusions and future outooks

Different flavours of environmental effects in systems involving charge
transfer chromophores have been discussed in this thesis.

In chapter 1 relaxation dynamics of a photoexcited dipolar dye is ad-
dressed. The Redfield approach to open quantum systems is exploited to
couple the essential state model describing the dye to a bath of quantum
harmonic oscillators. Details of the model, and in particular of the system-
bath interaction, are extensively discussed, setting a firm basis to address
more complex systems. In chapter 2 polar solvation and its relaxation
dynamics are introduced via a mixed quantum-classical approach. The
proposed model is then used to simulate time resolved emission spectra
of a polar dye dissolved in liquid solvents and dispersed in amorphous
organic matrices. Along these lines we unveiled the dielectric dynamical
behavior of a couple of small molecule matrices, used in the fabrication
of OLED. Specifically, for the first time we were able to estimate the
timescale of the dielectric relaxation of these technologically relevant ma-
terials. The model opens the way to several future studies, starting from
the investigation of symmetry breaking in quadrupolar chromophores
and molecular dimers. Applying the model to the description of a slow
conformational degree of freedom is also of extreme interest and on the
to-do list. Collaborations are underway to apply this original modeling
tool to single molecule spectrosocpy studies.

The realm of molecular aggregates and crystals is entered in the second
part of the thesis. In chapter 3 the Frenkel-Holtstein Hamiltonian is used
to obtain insights on the peculiar features of the Davydov components
of the two polymorphs of SQIB, a relevant material for photovoltaic
applications. In chapter 4 a clear connection between the standard exciton
model and an essential state description of molecular aggregates is made,
pointing out how essential state models release the main approximations
introduced in the exciton model and allow to gain a unified picture
of exciton delocalization and energy transfer, that are then simulated
in real time exploiting the relaxation model set up in chapter 1. In
chapter 5 chiroptical properties of a series of proline-derived squaraine
aggregates are addressed, entering the debate about the physical origin
of the panchromatic spectrum of squaraine aggregates and thin films.
Effects of disorder and intermolecular charge transfer are investigated.
Experimental data and theoretical results point to the need of including
both phenomena in a unified framework. The work on aggregates will
proceed along several lines. A collaboration just started to apply our
models to films of near-IR suqraine dyes exploited in photodetector
devices,[11] where both electrostatic and CT intermolecular interactions
play a role. Chiral aggregates are also an important target of future work:
understanding and simulating CD spectra offers important structural
information. Moreover, circularly polarized luminescence is an important
target, of interest for improving OLED efficiency as well as for background
free microscopy techniques. Finally, a deep understanding of chiroptical
properties of molecular systems has the potential to shed light on the
fascinating and so far not understood phenomenon called chirality
induced spin selectivity (CISS).



114 5 Chiral squaraine aggregates: chiroptical spectra beyond the exciton model

The effective models adopted in this thesis lend themselves to be paired
with atomistic based approaches. Ab initio calculations can be exploited to
parametrize the essential state models,[294] as well as for the evaluation
of electrostatic (as done in chapter 3) and charge transfer intermolecular
interactions in Frenkel-Holstein based Hamiltonians,[169, 295] while
classical Molecular Dynamics simulations can be used to obtain hints
about aggregate geometry, as done in chapter 5. This merging adds
value to the approach, providing a general framework where different
techniques concur to build a solid and exhaustive picture.
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1: The system-bath interaction Hamilto-
nian is:
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with ğ, Ġ and ġ independently running
on the coordinates of the three separate
baths. Three spectral densities (one for
each molecular coordinate) are now de-
fined:
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and since ĝ, Ĝ and ℎ are real and positive
for every bath oscillator:
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molecule with three coupled

vibrational coordinates A
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1
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2
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3
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obtained following the same derivation shown in sec. 1.3.

When the three coordinates are linearly coupled to three independent baths1,
they read:

�
+
ĚĘ,ėę =

�

ℏ2
ħ1
ĚĘħ

1
ėę [I1($ėę)Ĥ($ėę) + I1($ęė) [Ĥ($ęė) + 1]]

+ �

ℏ2
ħ2
ĚĘħ

2
ėę [I2($ėę)Ĥ($ėę) + I2($ęė) [Ĥ($ęė) + 1]]

+ �

ℏ2
ħ3
ĚĘħ

3
ėę [I3($ėę)Ĥ($ėę) + I3($ęė) [Ĥ($ęė) + 1]]

(A.1)

�
−
ĚĘ,ėę =

�

ℏ2
ħ1
ĚĘħ

1
ėę [I1($ĘĚ)Ĥ($ĘĚ) + I1($ĚĘ) [Ĥ($ĚĘ) + 1]]

+ �

ℏ2
ħ2
ĚĘħ

2
ėę [I2($ĘĚ)Ĥ($ĘĚ) + I2($ĚĘ) [Ĥ($ĚĘ) + 1]]

+ �

ℏ2
ħ3
ĚĘħ

3
ėę [I3($ĘĚ)Ĥ($ĘĚ) + I3($ĚĘ) [Ĥ($ĚĘ) + 1]] .

(A.2)
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Analogous expressions are found for the bilinear coupling Hamiltonians
in eqs. 1.64 and 1.65. When each coordinate is coupled to an independent

bath, they read:
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Figure B.1: Experimental UV/Vis absorbance spectra (a, c and e) and ellipticity spectra (b, d and f) for the(S,S)-ProSQ compounds
with varying alkyl chains: C3 in a and b, C4 in c and d, and C6 in e and f. The legend indicates the volume-percentage of water in the
methanol-water mixture used as bad solvent (good solvent being chloroform) and applies for all plots.
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Figure B.2: Experimental UV/Vis ab-
sorbance spectra (a, c, e and g) and corre-
sponding ellipticity spectra (b, d, f and
h) for the(S,S)-ProSQ compounds with
varying alkyl chain lengths: C8 in a and
b, C9 in c and d, C11 in e and f, and
C16 in g and h. The legend indicates
the volume-percentage of water in the
methanol-water mixture used as bad sol-
vent (good solvent being chloroform) and
applies for all plots.
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Figure B.3: Experimental UV/Vis ab-
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Chiral ProSQ-aggregates:

additional calculations C
Additional results obtained with both the ESM-ES and ESM-CT Hamilto-
nians are reported in the following figures (absorption in the top panels
and CD in the bottom panels). Molecular parameters (İ, � and ė) together
with the distance along the �-stack Ĩ are fixed as in chapter 5. Other
parameters are varied (the number of molecules Ċ , the angle 
, the
refractive index �, the displacement Į and the amount of intermolecular
charge transfer �; parameter values are specified in the figures).

The results show that the picture discussed in chapter 5, sections 5.3 and
5.4, is maintained in all the reasonable variation range of the parame-
ters.

Figure C.1: ESM-ES: results for aggregates of 2, 4 and 8 molecules with the same molecular parameters as in figure 5.5, 
=20◦ and �2 = 3.
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Figure C.2: ESM-ES: results for aggregates of 2, 4 and 8 molecules with the same molecular parameters as in figure 5.5, �2 = 2 and

=30◦ (top panels) and 
=50◦ (bottom panels).
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Figure C.3: ESM-CT: results for aggregates 4 molecules with the same molecular parameters as in figure 5.10 for � =0.2, 0.4 and 0.6 eV,
�2 = 2, 
=30◦ (top panels) and 
=50◦ (bottom panels).
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Figure C.4: ESM-CT: results for aggregates of 4 molecules with the same molecular parameters as in figure 5.10 for � =0.2, 0.4 and 0.6 eV,

=20◦ and �2 = 3.

Figure C.5: ESM-CT: results for aggregates of 2, 3 and 4 molecules with the same molecular parameters as in figure 5.10 for � =0.4 eV,

=20◦ and �2 = 2.
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Figure C.6: ESM-CT: results as a function of the angle 
 for aggregates of 4 molecules with the same molecular parameters as in figure
5.10 for � =0.4 eV, �2 = 2 ans different values of Į =2, 4 and 6 Å.
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