


 

 

 

 

 

 

 

 



Abstract

Polar/polarizable chromophores are highly responsive to external perturba-

tions, such as polar solvation and intermolecular interactions. The effect of

the surroundings on the optical properties of dyes, if properly understood,

can be exploited to tune the material’s response through the design of co-

valent or self-assembled supramolecular architectures.

In this Thesis we combined the computational (DFT and essential-state

models, ESMs) and spectroscopic (absorption and emission spectroscopies)

investigation of a selection of molecular/supramolecular systems, which al-

lowed to disclose the impact of environmental and intermolecular interac-

tions on the optical response of polar and polarizable dyes, paving the way

to their knowledge-based exploitation in photonic devices.

The first part is devoted to the discussion of the spectroscopic properties

of chromophores in solution, where only interactions with the solvent may

contribute to the spectroscopic features of solvated dyes.

The first system under study consisted in a novel aza-nanographene dye

obtained from the expansion of the electron rich pyrrolo[3,2-b]pyrrole moi-

ety with fused aromatic rings. In spite of its nonpolar character and the

lack of well defined electron donating and electron withdrawing groups, this

system evidenced an underlying quadrupolar nature and undergoes excited-

state symmetry breaking, which is responsible for a pronounced emission

solvatochromism as for typical class I quadrupolar dyes. At the same time,

thanks to the peculiar double-helical conformation and expanded architec-

ture, this chromophore features a more complex spectroscopy arising from

the interplay between CT and localized transitions, pointing to a unique

excited-state scenario.
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ii Abstract

A large section is devoted to the family of squarylium dyes, also known as

squaraines, for which a unified theoretical picture rationalizing their spec-

tral features is still lacking. Although squaraines have been historically

regarded as quadrupolar symmetry-preserving quadrupolar dyes, the de-

scription emerging from the theoretical approaches applied so far is neither

exhaustive nor definitive. In this Work the standard essential-state approach

was extended proposing new effective evidence-based models with the aim

of improving the understanding of the intriguing electronic structure of a

few representative squaraines.

The second part of this Thesis is occupied by the discussion of the effects

promoted by aggregation, with a focus on modelling schemes and experimen-

tal strategies for self-assembly.

We introduced the topic with the detailed investigation of dimeric struc-

tures based on the naphthalimide building block, which provide a good

starting point for the understanding of the nature of the interchromophoric

coupling and its effect on the optical transitions. Indeed, the low-energy

spectroscopy of these systems is dominated by localized excitations, and the

intermolecular interactions are mainly excitonic, placing them in the class

of J-aggregates.

Making a step further, we investigated the effects coming into play in ag-

gregates of CT chromophores, with a specific attention on phosphorescence

spectra. In these highly polarizable systems, other phenomena are expected

in addition to standard excitonic effects, related to the redistribution of the

electron density of the interacting molecules in response to the electric field

generated by the neighbouring dyes, going under the name of mean-field

effects. Herein, through the definition of an ESM for phosphorescent push-

pull dyes and their related dimers, we were able to separate excitonic and

mean-field effects, quantifying their contribution to absorption and emission

energies. The general results obtained with ESMs were corroborated by

the discussion of a specific case study concerning two highly phosphorescent

polymorphs of a dinuclear Rhenium(I) complex, which demonstrated the

relationship between emission colour of the crystals and molecular packing,

setting the basis for phosphorescence tuning through aggregation.

From the experimental side, we addressed the characterization of mul-

tipolar 2,1,3-benzothiadiazole-based NIR emitters decorated with linear or
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branched alkyl chains at different sites, which should assist self-organization

and induce the formation of metastable states, highly sensitive to exter-

nal stimuli (pressure, solvent/antisolvent ratio). The study of the different

aggregation states allowed to unravel the interdependence between optical

properties, aggregation, and external conditions.

The last part of this Thesis deals with the study of model bichromophoric

systems (dyads) designed for energy and/or electron transfer, and based on

the calix[4]arene scaffold.

The study of selected BODIPY-based dyads allowed to assess the fac-

tors affecting the dynamics and efficiency of energy transfer, such as the

solvent polarity and the nature and conformation of the bridge. The in-

vestigation of the Nile Red/fullerene pair evidenced instead a possible com-

petition between energy and electron transfer, pointing to a more complex

and yet intriguing scenario. Lastly, we also proposed an innovative applica-

tion of a calix[4]arene-based dyad undergoing energy transfer, containing the

Coumarin 343/NBD pair. We proved that, after the appropriate chemical

engineering, a bichromophoric calix[4]arene-based system can be exploited

as a ratiometric temperature probe taking advantage of the conformational

mobility of the scaffold as the driving force, and paving the way to an inno-

vative strategy in nanothermometry.
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Introduction

Photonics, i. e. the science of light generation, transmission, modulation and

detection, is expected to play a strategic role in the industrial and academic

research of the 21st century [1–6]. Indeed, many emerging technologies ex-

ploiting the interaction of light with matter find application in a large num-

ber of scientific and cutting-edge areas, including telecommunications [7],

light generation (e. g. light emitting devices and displays) [8–12], produc-

tion and storage of energy (e. g. photovoltaics) [13–15], optical sensing and

imaging [16–18], diagnostics and therapeutics [19].

The interest in molecular materials for application in photonic devices

has been growing quickly over the last decades, as they offer a promising al-

ternative to purely inorganic and polymeric materials [20–22]. Among their

advanteges, they benefit from a well-defined chemical structure, the easiness

of synthesis and purification, reduced batch-to-batch variations and good

processability, which allow the design of miniaturized structures with low

toxicity and good biocompatibility. Last but not least, an important figure

of merit of molecular materials is their tunability, granting the possibility to

tailor the optoelectronic response in order to suit the specific needs [23–27].

Polar and polarizable molecules are the favourite building blocks of

molecular materials, as they offer different levels of tunability. Typical struc-

tures are obtained from the conjugation of electron donating (D) and elec-

tron withdrawing (A) moieties according to different stoichiometries and

geometries. The simplest systems are the so-called push-pull dyes, char-

acterized by a DA motif, but also multibranched systems like quadrupo-

lar (ADA or DAD) and octupolar (AD3 or DA3) are widely investigated

for their linear and nonlinear optical (NLO) responses [28–31]. Push-pull

and multipolar chromophores are characterized by intramolecular charge-

1



2 Introduction

transfer (CT) transitions in the UV-Vis-NIR range, with large transition

dipole moments [32–34].

The optical behaviour of multipolar dyes is firstly related to the specific

chemical design of the conjugated backbone. For example, the choice of

the identity and number of the donor/acceptor units allows to adjust the

orbital energies, tuning the absorption and emission spectral window, while

the nature and length of the spacers modulate the extent of electron transfer

between the connected units [35–40].

As relevant to practical applications, however, a chromophore can never

be regarded as an isolated entity, and the interactions with the surroundings

may themselves contribute to the definition and amplification of its optical

responses. Indeed, the low-energy spectroscopy of polarizable chromophores

is highly responsive to environmental and intermolecular interactions [41–

46].

In dilute solutions, interchromophoric interactions can be safely neglected,

however, the residual interactions with the solvent affect the optical spectra

of polar solutes. The polarization of solvent molecules induced by a polar

chromophore creates a reaction field which can stabilize the electronic states

of the solute itself, modifying its transition energies. The resulting displace-

ment of the absorption or emission band of the solvated dye is related to the

solvent polarity, and is known as solvatochromism [47,48].

Although solvatochromic effects are typical of dipolar molecules, it is

well-established that also chromophores lacking permanent ground-state di-

pole moment, like quadrupolar and octupolar dyes, can undergo solva-

tochromic shifts, which are usually related to symmetry breaking of either

the ground or the excited state and are favoured by the interaction with

polar solvents [49–52].

In concentrated solutions, solute-solute interactions become dominant,

leading to the formation of aggregates. More than 80 years ago, Scheibe

and Jelley observed for the first time the spectral changes of cyanine dyes

dissolved in aqueous solution, a behaviour which later on was related to the

formation of aggregates [53–55]. Aggregation, which is a fundamental pro-

cess in the solid state (e.g. in films and crystals) as well as in nanosystems,

is usually responsible for a variation of the spectroscopic properties with

respect to the solvated monomer, both in terms of energy and intensity of
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the optical transitions [56–58]. Moreover, it is well known that polarizable

chromophores display nonadditive behaviour, so that unique collective and

cooperative effects can be achieved in molecular assemblies, for example the

amplification of NLO responses [46,59–61]. Thus, the supramolecular orga-

nization of the aggregate must be carefully controlled in order to strenghten

the sought properties, and supramolecular engineering represents a tool to

optimize the material’s optical performance [62–65]. Interestingly, the oc-

currence of metastable aggregated phases with different absorption/emission

features which can be interconverted by soft external stimuli such as grind-

ing and heating is a prerequisite for obtaining stimuli-responsive materials

to be exploited in optical switches and sensors [66].

Multichromophoric assemblies are also naturally occurring functional

systems [58]. The interactions between the (multi)chromophoric units em-

bedded in photosynthetic organisms is responsible for a cascade of energy

and electron transfer events, which enables the efficient harvesting and con-

version of sunlight [67]. The same phenomena, energy and electron transfer,

find a variety of applications in chemistry and biochemistry, among which

diagnostics and assays [68–70], conformational studies of proteins and poly-

meric assemblies [71,72], and also photosynthetic mimicry [73]. Accordingly,

the in-depth understanding of the mechanism of energy and charge transfer

is strongly sought for the knowledge-based design of efficient experimental

setups and devices [74–76].

Steady-state and time-resolved spectroscopic techniques are useful ex-

perimental means to investigate the optical properties of chromophores and

their assemblies. At the same time, the development and validation of theo-

retical models provides a complementary and powerful tool to gain a deeper

understanding of the structure-property relationships, and also to devise

predictive guidelines for system engineering [77–79].

For instance, the most popular quantum chemical method for electronic

structure calculations relies on the density functional theory (DFT) for-

malism which, thanks to its significant level of detail and accuracy, has

been successfully implemented for the description of ground and excited-

state properties of medium-sized molecular systems embedded in differ-

ent environments [80]. At the same time, reliable theoretical frameworks

are needed to describe interacting chromophores. The most popular in-
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terpretative scheme is the so-called excitonic approximation, which intro-

duced the nomenclature J- and H-aggregates to refer to specific red or

blue shifts of the experimental absorption upon aggregation, and is usu-

ally taken as the reference for the description of molecular assemblies [56,

81].

A conceptually different approach is provided by the so-called essential-

state models (ESMs), a family of parametric Hamiltonians developed and

applied in the host laboratory during the last 20 years, and inspired by an

original work by Mulliken [82] describing a CT complex via a limited number

of basis states corresponding to the limiting resonance structures. In spite

of their simplicity, ESMs provided a very accurate interpretative scheme for

the major optical features of a large number of CT dyes, both in solution

and in multichromophoric assemblies [41,44,46,61,83–86].

Placed in this broad context, this Thesis Work explores the effect of

environmental and intermolecular interactions on the optical properties of

polar and polarizable chromophores, adopting a combined experimental and

computational approach. Different spectroscopic tools, including absorption

and emission spectroscopies, and different theoretical frameworks, DFT and

ESMs, were applied to selected chromophoric and multichromophoric sys-

tems of chemical and practical interest, which allowed us to gain significant

knowledge of their structure-property relationships. An outline of this The-

sis is schematically provided in Figure 1.

The first Chapter is devoted to the joint experimental and theoretical

investigation of multipolar chromophores in solution, which allowed to relate

their spectroscopic properties to their electronic structure and polar solva-

tion. After a short introduction to ESMs, which will be recalled throughout

the Thesis, we will focus on two different classes of molecular structures: a

novel aza-nanographene dye undergoing excited-state symmetry breaking,

and a few representative structures belonging to the family of squarylium

dyes.

Interchromophoric interactions in molecular aggregates are the subject

of Chapter 2. In this Chapter, the optical properties of different aggregated

species (dimers, crystals, powders, nanoparticles) will be correlated to the

supramolecular organization and to the nature of the interactions. Specifi-

cally, we will provide an extensive computational investigation of aggrega-
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Figure 1: Outline of this Thesis work.
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tion, challenging different theoretical frameworks (DFT and ESMs) with the

description of selected interacting systems, but we will also provide exper-

imental evidence of multistability in a family of multipolar NIR-emitting

dyes.

Finally, Chapter 3 will be entirely devoted to energy and electron trans-

fer in multichromophoric systems. The study of simplified structures, which

are easier to handle and analyze, allows for the individuation and disentan-

glement of all of the key factors, setting the stage for the comprehension of

more complex systems and the optimization of specific functional materials

and devices. To this aim, we will report on the characterization of a few

bichromophoric model systems (dyads) based on different donor/acceptor

pairs bridged by a calix[4]arene scaffold, specifically designed for energy

and/or electron transfer studies.

This Thesis offers new theoretical and experimental insights into the

spectrosopy of polar and polarizable chromophores, emphasizing their sensi-

tiveness to environmental and interchromophoric interactions, which can be

exploited in combination with chemical design to build innovative functional

materials with optimal optoelectronic responses.



Chapter 1

Multipolar dyes in solution:

bridging theory and

experiment

1.1 Introduction

Multipolar chromophores are networks of electron donor (D) and electron

acceptor (A) groups connected by π-conjugated bridges, coming in a large

variety of structures and extensively studied for opto-electronic applica-

tions [23, 31, 34, 87–91]. The simplest members of this family are dipolar

chromophores, also known as ’push-pull’ dyes, constituted by an electron-

rich moiety joined to an electron-poor moiety through a conjugated bridge

(DA structure) [32, 33, 37]. Other widely investigated structures include

quadrupolar dyes, of the general formula DAD or ADA, and octupolar

AD3 or DA3.

The photochemical behaviour of these systems is dominated by charge

resonance between D and A groups, promoting low energy charge-transfer

(CT) transitions, usually in the visible or near-infrared range [92, 93]. CT

transitions involve massive charge redistribution over the molecule, and are

highly sensitive to polar environments leading to band broadening and sol-

vatochromic effects [94].

Solvatochromism in highly symmetric (quadrupolar and octupolar) struc-

tures is often related to symmetry-breaking phenomena affecting either the

7
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ground or the excited state [85, 86]. According to symmetry, these dyes

are expected to possess small or vanishing permanent dipole moments, lim-

iting the interaction with polar solvents. However, the occurrence of an

asymmetric charge distribution on the molecular arms driven by the inter-

action with polar solvents is quite common, leading to sizable solvatochromic

shifts [95–101]. This phenomenon, evidenced by steady-state absorption and

emission spectra, has been recently observed and confirmed by advanced

time-resolved spectroscopy [50,102–108].

The main features of multipolar CT dyes are well captured by few-state

models, also called essential-state models (ESMs), constituting an alter-

native theoretical approach to traditional first principle methods such as

(TD)DFT [83–86,109]. ESMs describe a CT dye through a minimal number

of electronic basis states corresponding to its main resonating structures.

These models are semi-empirical in nature, and the few parameters entering

the Hamiltonian are usually extracted from experimental data or, some-

times, from independent first principle calculations. Among the advantages

of ESMs is the simplicity of the approach, providing a coherent and phys-

ically sound interpretation of the electronic structure of CT dyes, usually

at low computational cost, notwithstanding the complexity of the system at

hand.

In this Chapter we will briefly introduce the theory of ESMs. Specifically,

we will describe the two-state model for push-pull dyes [84], that will serve

as an introduction to the philosophy of ESMs, and the reference three-

state model for quadrupolar dyes [85], that will allow for a description of

symmetry-breaking effects.

Moving on, we will present two case studies. In the first one, in collabo-

ration with Prof. Daniel T. Gryko (Polish Academy of Sciences, Poland), we

focused on excited-state symmetry breaking in a novel aza-nanographene dye

possessing an underlying quadrupolar nature [110]. In this case, the ESM

theoretical framework was applied in a combined approach with TDDFT

and both models were validated against experimental data. The second

case study, addressed in the last section of this Chapter, brings us in the

intriguing world of squarylium dyes, for which first principle methods do

not provide a reliable and coherent description of the electronic structure.

We will examine all the challenges posed to ESMs by this family of chro-
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mophores and we will consider further extension of the standard three-state

model, leading us to discuss critically on its performance.

1.2 Essential-state models

The first two-state model applied to CT structures dates back to the 50’s and

was proposed by Mulliken to describe CT complexes [82]. With this simple

model not only the stabilization of the ground state thanks to resonance

was predicted, but also the presence of a low-energy state involved in the

CT transition. In more recent times, the Mulliken model was adopted for

the modelling of push-pull dyes, in which the D and A groups are bridged

by a covalent bond [111].

Since then, the strategy was further extended with significant contribu-

tions from the host research group to include the coupling between electronic

and vibrational degrees of freedom [83] and solvation effects [41,42], leading

to the growth of a series of parametric Hamiltonians describing a variety

of structures. ESMs were applied to systems of higher complexity such as

quadrupolar [85,112] and octupolar dyes [86,113,114], metal complexes [115]

and other structures [116,117]. These models were able to capture the funda-

mental photophysics of CT dyes with high accuracy, addressing a plethora

of linear optical properties including steady-state [85, 109, 113] and time-

resolved [118,119] absorption and emission spectra, fluorescence anisotropy

[120], excited-state absorption [112], electroabsorption [86,121], vibrational

(IR and Raman) spectra [122], two-dimensional electronic-vibrational spec-

tra [123], and also NLO properties such as two-photon absorption (2PA)

[124–126], two-photon excited anisotropy [99] and hyper-Rayleigh scatter-

ing (HRS) [114,127]. ESMs were able to describe symmetry breaking as well,

relating it to charge instabilities of either the ground or excited state [85,86].

Moreover, starting from the modelling of the isolated (solvated) molecule,

ESMs can be readily implemented for the description of clusters and ag-

gregates, addressing their optical spectra [44, 46, 128–131] as well as more

complex phenomena such as energy transfer [132–134], without redefining

model parameters. ESMs description of intermolecular interactions will be

addressed in detail in Chapter 2. Here, we only stick to multipolar chro-

mophores in solution.
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Figure 1.1: The two-state model for a dipolar (DA) dye. The basis states |N〉 and

|Z〉 sketched on the left are separated by the energy 2η and are mixed by the matrix

element −
√

2t giving the eigenstates |g〉 and |e〉 (right). The electron donor moiety

is in blue, the acceptor moiety in red.

1.2.1 Two-state Model

A push-pull system resonates between a fully neutral (DA) and a fully

charge-separated structure (D+A−), which are chosen as the electronic basis

states, called |N〉 and |Z〉 respectively [82,83]. On this basis, the electronic

Hamiltonian Ĥe describing the system is the following 2× 2 matrix:

Ĥe =





0 −
√

2t

−
√

2t 2η



 (1.1)

where we set 2η as the energy difference between the two basis states, corre-

sponding to the energy required for complete charge separation, and −
√

2t

as the matrix element that mixes them, indicating the probability of electron

transfer from the D to the A site (Figure 1.1, left).

The Hamiltonian in Eq. 1.1 can be diagonalized analytically yielding

the ground state |g〉 and the excited state |e〉 (Figure 1.1, right), that can

be expressed as linear combinations of the |N〉 and |Z〉 states:

|g〉 =
√

1− ρ |N〉+
√
ρ |Z〉 (1.2)

|e〉 =
√
ρ |N〉 −

√

1− ρ |Z〉 (1.3)
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In the equations above, the quantity ρ, also called ionicity, is defined as the

expectation value of the ionicity operator ρ̂ in the ground state: ρ = 〈g| ρ̂ |g〉,
where

ρ̂ =





0 0

0 1



 (1.4)

is the operator counting the charges on the A site. ρ measures the weight of

the zwitterionic state in the ground state, i.e. is an indicator of the polarity

of the dye. The polarity of the dye switches from ρ in the ground state

to 〈e| ρ̂ |e〉 = 1 − ρ upon photoexcitation to the |e〉 state. Chromophores

with ρ < 0.5 (η > 0) possess a mainly neutral ground state and are usu-

ally called neutral dyes, while ρ > 0.5 (η < 0) defines mostly zwitterionic

chromophores. For ρ = 0.5 we are in the situation referred to as cyanine

limit.

ρ is related to the model parameters as follows:

ρ =
1
2

(

1− η
√

η2 + 2t2

)

(1.5)

The energy difference between the |g〉 and |e〉 states, i.e. the energy of the

|g〉 → |e〉 transition, Ege, amounts to:

Ege =

√
2t

√

ρ(1− ρ)
(1.6)

To get the absolute intensity of the transition, a dipole moment operator

µ̂ must be defined on the chosen basis. According to Mulliken [82], the dipole

moment of the |Z〉 state, µ0, is much larger than all other matrix elements

of µ̂, so that in the simplest approximation, it is the only non-vanishing

element:

µ̂ =





0 0

0 µ0



 = µ0ρ̂ (1.7)

and has only one component, aligned with the molecular axis. It follows

that, the transition dipole moment for absorption, µge, reads:

µge = µ0

√

ρ(1− ρ) (1.8)

while µ0ρ and µ0(1 − ρ) are the permanent dipole moments of the dye in

the ground and excited state, respectively.
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Figure 1.2: Potential energy surfaces (PES) related to the diabatic (left) and adi-

abatic (right) states of a dipolar (DA) dye. The vibrational relaxation energy εv

quantifies the energy gain following nuclear relaxation of |Z〉. Model parameters:

η = 1.0 eV,
√

2t = 0.5 eV, ωv = 0.2 eV, εv = 0.5 eV.

This simple model can be extended to include the coupling between

electronic and vibrational degrees of freedom [42,83], allowing to reproduce

vibronic bandshapes. Intramolecular vibrations are described introducing

a single effective vibrational coordinate q with harmonic frequency ωv and

relaxation energy εv. The vibrational relaxation energy quantifies the energy

gained from relaxation along q after the |N〉 → |Z〉 transition (Figure 1.2),

and, practically, measures the strength of electron-phonon coupling. On

these grounds the vibrational Hamiltonian Ĥv reads:

Ĥv = ωv

√
2εvq +

1
2

(ω2
vq

2 + p2) (1.9)

where q is the vibrational coordinate and p its conjugate momentum.

The coupled electronic and vibrational problem Ĥ = Ĥe(q) + Ĥv(q) can

be solved adiabatically, for different values of q, to get the adiabatic states

|g(q)〉 and |e(q)〉 (Figure 1.2, right) [41,42,83,109].
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In the following, we address the non-adiabatic solution of the problem.

The total Hamiltonian Ĥ = Ĥe + Ĥv is written on the basis given by the

direct product of the two electronic basis states times the eigenstates of

the harmonic oscillator associated to the vibrational coordinate. Of course

the latter defines an infinite basis set and the problem is made numeri-

cally tractable truncating the basis to the first M states, reducing to a

2M -dimensional problem. Typically, according to each specific system, the

chosen value of M is large-enough to guarantee convergence. Numerical di-

agonalization of the Hamiltonian yields the 2M vibronic eigenstates of the

system ψi.

Spectra are obtained calculating transition dipole moments between pairs

of states µ2
jk = | 〈ψj | µ̂ |ψk〉 |2, assigning a Gaussian bandshape with half-

width at half-maximum γ =
√

2 ln 2σ to each transition and summing up on

all relevant vibronic transitions as required by the property of interest. For

example, absorption and emission spectra, ε(ν̃) and I(ν̃) respectively, can

be calculated as follows [109]:

ε(ν̃) =
10πNAν̃

3 ln 10~cǫ0

1√
2πσ

∑

n

µ2
gn exp

[

− 1
2

(

ν̃gn − ν̃
σ

)2]

(1.10)

I(ν̃) ∝ ν̃3 1√
2πσ

∑

n

µ2
fn exp

[

− 1
2

(

ν̃fn − ν̃
σ

)2]

(1.11)

where NA is the Avogadro number, c the speed of light in vacuum, ǫ0 the

vacuum electric permittivity, g and f label the ground and fluorescent states

respectively and n runs over the vibronic states (n = 2, . . . , 2M for absorp-

tion and n = 1, . . . , f−1 for emission). Individuation of the fluorescent state

is a nontrivial task, since all states are vibronic in nature and the ground and

excited-state manifold are ill-defined in this picture. Usually, the choice of

the fluorescent state is based on the evaluation of transition dipole moment

from the ground state, getting the state possessing a dipole moment larger

than a fixed threshold, having the character of electronic excited state.

So far we have described an isolated molecule in gas-phase. Usually

spectroscopic data are collected in dilute solution, where the solute inter-

acts with the surrounding solvent molecules. This interaction may lead

to important spectroscopic effects, namely solvatochromism [41, 42, 94] and

inhomogeneous broadening [122]. Hence, the description of solvation is a

required step further.
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Solvation is introduced in the ESMs in a reaction-field approach [42,

84, 109]. The solute is placed in a cavity inside the solvent, treated as a

continuous dielectric medium. The (polar) solute polarizes the surrounding

solvent molecules, which generate a reaction field FR proportional to the

dipole moment of the solute itself. Two contributions to the reaction field

can be distinguished: an electronic and an orientational component [94,135].

The electronic component is originated by the distortion of the electronic

clouds of solvent molecules in response to the electronic excitation of the

solute, and occurs on a very short timescale compared to the electronic and

vibrational degrees of freedom of the solute, with typical frequencies in the

UV. This fast component can be treated in the anti-adiabatic approximation,

and results in a renormalization of model parameters mainly dependent on

the solvent refractive index [41, 42, 84]. Since common organic solvents are

characterized by very similar refractive indexes, we consider the parameters

to be solvent-independent.

The orientational component, relevant to polar solvents only, originates

from the reorientation of solvent molecules around the solute [136] and

is characterized by slow motion (typical frequencies are in the microwave

range), therefore it enters the Hamiltonian as an overdamped coordinate.

Assuming that the solvent response to an external electric field is linear, the

orientational component of the reaction field at equilibrium F eq
or is propor-

tional to the dipole moment of the solute 〈µ〉: F eq
or = ror〈µ〉, where ror is

related to solute cavity and the dielectric properties of the solvent, namely

refractive index and dielectric constant. Treating the solvent as an elastic

medium, the Hamiltonian describing polar solvation Ĥs reads:

Ĥs = −Forµ̂+
µ2

0F
2
or

4εor
(1.12)

where the solvation relaxation energy εor = rorµ2
0

2 is the solvation counterpart

of εv for vibrations and increases with solvent polarity.

This approach naturally describes solvatochromic shifts of push-pull dyes:

for chromophores which are mainly neutral in the ground state, an increase

of solvent polarity reduces the energy gap between |g〉 and |e〉, leading to

a positive solvatochromism. On the opposite, molecules which are mainly

ionic in the ground state withstand an increase of the transition energy
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with solvent polarity, showing a negative solvatochromism. Spectra of chro-

mophores in the cyanine limit are instead insensitive to solvent polarity.

Another solvent effect concerns band broadening in polar solvents. This

phenomenon is related to thermal disorder, that causes fluctuations of For

around its equilibrium value. Specifically, each molecule in the sample ex-

periences a slightly different orientational field, due to the disordered ar-

rangement of the surrounding molecules, so that a distribution of For values

must be considered, according to Boltzmann probability at the given tem-

perature [84,109,122].

To tackle this issue, a grid of For values is defined, and the total Hamilto-

nian Ĥ = Ĥe +Ĥv +Ĥs is diagonalized for each point of the grid, calculating

the corresponding spectrum. The thermally-averaged spectrum is obtained

summing up the spectra calculated for all the For values, each one weighted

by the corresponding Boltzmann probability, remembering that the For dis-

tribution relevant to absorption is the one induced by the ground state dipole

moment, while the distribution relevant to emission is the one generated by

the excited state.

The few parameters entering the Hamiltonian (η, t, ωv, εv, µ0, γ and εor)

are semi-empirical in nature and are usually extracted from the comparison

with experiment, selecting the set that best fits available experimental data

(usually steady-state absorption and emission spectra at room temperature).

In more detail, η and t are related to the transition energy and intensity,

ωv, εv and γ are tuned to reproduce the vibronic progression in non-polar

solvents and µ0 is fixed after the molar extinction coefficient. εor is the only

solvent-dependent parameter and accounts, alone, for the effects of polar

solvation. All the other parameters are solvent-independent and are only

related to the specific system at hand: once they have been fixed they allow

for the calculation of all spectroscopic properties of interest without the need

for re-optimization.

1.2.2 Three-state Model

A quadrupolar ADA (or, equivalently, DAD) chromophore can be described

via three basis states: a neutral |N〉 state, corresponding to the ADA struc-

ture, and two degenerate zwitterionic states, |Z1〉 and |Z2〉, corresponding

to the A−D+A and AD+A− resonance structures, respectively [85]. To ac-



16 Chapter 1. Multipolar dyes in solution

quire more generality, we assume that the chromophore possess a V-shaped

structure, with the molecular arms forming an angle α [127, 130, 137]. Ex-

ploiting C2v symmetry, the zwitterionic states can be conveniently combined

into symmetry-adapted |Z+〉 and |Z−〉 wavefunctions:

|Z+〉 =
1√
2

(|Z1〉+ |Z2〉) (1.13)

|Z−〉 =
1√
2

(|Z1〉 − |Z2〉) (1.14)

On this basis we define the following operators:

ρ̂ =









0 0 0

0 1 0

0 0 1









(1.15)

σ̂ =









0 1 0

1 0 0

0 0 0









(1.16)

δ̂ =









0 0 0

0 0 1

0 1 0









(1.17)

where ρ̂ = ρ̂1 + ρ̂2 measures the average charge on the D site, σ̂ mixes the

symmetric states and δ̂ = ρ̂1 − ρ̂2 measures the charge unbalance between

the acceptors. The electronic Hamiltonian Ĥe reads:

Ĥe = 2ηρ̂−
√

2tσ̂ =









0 −
√

2t 0

−
√

2t 2η 0

0 0 2η









(1.18)

where 2η is the energy gap between the neutral and the zwitterionic states,

and the CT integral −
√

2t quantifies the probability of electron hopping

from the central donor to either of the A groups. Analytical diagonalization

of Eq. 1.18 yields the following eigenstates:

|g〉 =
√

1− ρ |N〉+
√
ρ |Z+〉 (1.19)

|c〉 = |Z−〉 (1.20)

|e〉 =
√
ρ |N〉 −

√

1− ρ |Z+〉 (1.21)
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Figure 1.3: The three-state model for a quadrupolar (ADA) dye. Left: sketch

of the basis states |N〉, |Z1〉 and |Z2〉. The electron donor moiety is in blue, the

acceptor moiety in red. The dye has a bent structure, with the molecular arms

forming an angle α. Cartesian axes are introduced for the definition of the dipole

moment operator (see text). Right: sketch of the eigenstates. Two CT transitions

from the ground state |g〉 to the excited states |c〉 and |e〉 are allowed in absorption,

with energies Egc and Ege respectively.

The |c〉 state coincides with |Z−〉 which, being the only antisymmetric state,

stays unmixed. The mixing of the symmetric states |N〉 and |Z+〉 yields

the ground state |g〉 and the excited state |e〉 (Figure 1.3). The ionicity ρ,

defined as the expectation value of ρ̂ (Eq. 1.15) in the ground state, gives the

weight of the |Z+〉 state in the |g〉 state, and is a measure of the quadrupolar

character of the dye. The following relation exists between ρ and the model

parameters η and t:

ρ =
1
2

(

1− η
√

η2 + 4t2

)

(1.22)

From the ground-state, two CT transitions can occur, |g〉 → |c〉 and |g〉 → |e〉,
with energies Egc and Ege respectively (see Figure 1.3, right):

Egc = 2t

√

1− ρ
ρ

(1.23)

Ege = 2t

√

1
ρ(1− ρ)

(1.24)

The dipole moment operator µ̂ has two components, µ̂x and µ̂y aligned

with the short and long molecular axes respectively. We neglect all the
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matrix elements of the dipole moment operator except from µ0, the dipole

moment of the zwitterionic states, obtaining:

µ̂x = µ0 sin
α

2
(ρ̂1 − ρ̂2) (1.25)

µ̂y = µ0 cos
α

2
(ρ̂1 + ρ̂2) (1.26)

It follows that the transition dipole moments for the CT transitions are:

µx
gc =

√
ρµ0 sin

α

2
µy

gc = 0 (1.27)

µx
ge = 0 µy

ge =
√

ρ(1− ρ)µ0 cos
α

2
(1.28)

In a V-shaped dye, both |g〉 → |c〉 and |g〉 → |e〉 transitions are symmetry-

allowed and are polarized along the x and y axes respectively [127,130,137].

In the limit α = 180°, i.e. for linear centrosymmetric molecules, only the

transition towards the |c〉 state is bright in linear absorption, while the |e〉
state can be reached upon two-photon absorption only [85].

Nuclear motion in a quadrupolar dye can be described introducing two

equivalent mutually independent vibrational coordinates, q1 and q2, with

frequency ωv, one for each molecular arm. The vibrational relaxation en-

ergy εv measures the energy gained upon relaxation towards the equilibrium

geometry following the |N〉 → |Z1〉 and |N〉 → |Z2〉 processes. q1 and q2

can be combined into the symmetrized coordinates q+ = 1/
√

2(q1 + q2) and

q− = 1/
√

2(q1 − q2), and the vibrational Hamiltonian Ĥv can be written as

follows [85]:

Ĥv = −√εvωvq+ρ̂−
√
εvωvq−δ̂ +

1
2

(ω2
vq

2
+ + p2

+) +
1
2

(ω2
vq

2
− + p2

−) (1.29)

where we indicated with p+ and p− conjugated momenta. The first two

terms express the electron-phonon coupling, while the last two terms are

the Hamiltonians of the harmonic oscillators associated to the vibrational

coordinates. The q− coordinate is coupled to the antisymmetric δ̂ operator,

therefore oscillations along q− modulate the mixing between states with

different symmetry, inducing a charge unbalance between the external A

groups, and is the coordinate responsible for symmetry-breaking.

Adiabatic solution of Ĥ = Ĥe +Ĥv gives three (q+, q−)-dependent eigen-

states, whose energies define the potential energy surfaces (PES) of the sys-

tem. Stable states relative to symmetry breaking are characterized by a
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single minimum located at q− = 0 and q+ =
√
εv〈ρ〉/ωv, being 〈ρ〉 the ex-

pectation value of ρ̂ in the relevant state. Unstable states are characterized

by a saddle point at q− = 0 and two equivalent minima at q− = ±√εv〈δ〉/ωv .

Looking at the PES, we can recognize three different behaviours, depend-

ing on the quadrupolar character (ρ) and the strength of electron-phonon

coupling (εv), allowing us to define the phase diagram in Figure 1.4 [85].

Chromophores with small degree of charge-transfer in the ground state,

i.e. low quadrupolar character (ρ . 0.2), belong to class I. In this region

the first excited state is bistable and the system can relax in one of the two

equivalent minima, breaking its symmetry. The symmetry-broken |c〉 state

possess a dipolar character, and is stabilized by polar solvents, originat-

ing positive emission solvatochromism. Systems with intermediate ionicity

(ρ ≈ 0.3−0.6) belong to class II. In this region all the PES are characterized

by a single minimum, thus for these systems we do not expect solvatochromic

shifts neither in absorption nor in emission. Molecules with high quadrupo-

lar moment (ρ→ 1) are located in the rightmost region of the diagram (class

III). Their excited states are all stable, but charge instability occurs in the

ground-state. For such systems, a negative solvatochromic shift is predicted

in absorption together with important inhomogeneous broadening effects.

Examples of quadrupolar chromophores are known for all the three

classes presented above. Class I comprises a wide series of molecules with

weak or moderate D and A groups. Dyes modelled so far include sub-

stituted distyrylbenzenes [85], fluorene-based [85,99] and benzothiadiazole-

based [130] chromophores. Many other dyes have not been parametrized yet

but show the characteristic spectroscopic features of excited-state symmetry

breaking [50, 95–98, 100–108, 138]. The modelling of a pyrrolo[3,2-b]pyrrole

quadrupolar-like dye belonging to class I will be presented in the next sec-

tion [110]. Squaraines were originally presented as typical class II dyes [85].

However, the modelling of squaraines has always been controversial, at least

when looking in detail at their spectroscopic properties in the whole UV/vis

range [139]. We will devote the last section of this Chapter to the critical

review and discussion of ESMs for this family of dyes. Long chain cyanine

dyes are instead an example of class III chromophores [112,140].
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Figure 1.4: Phase diagram for quadrupolar dyes indicating the stability of the

potential energy surfaces for the states |g〉, |c〉 and |e〉 (sketched in each region) as

a function of the ionicity ρ and the vibrational relaxation energy εv (units of
√

2t).

Region I: the |c〉 state is bistable; region II: all states have a single minimum; region

III: the |g〉 state is bistable.
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As for dipolar chromophores, polar solvation is introduced in a reaction-

field approach [85]. The relevant Hamiltonian, Ĥs, reads:

Ĥs = −µ̂xFx − µ̂yFy +
µ2

0

4εor
(F 2

x + F 2
y ) (1.30)

where Fx and Fy are the x and y components of the orientational field. Fx

couples to the δ̂ operator as the q− coordinate, and therefore cooperates

with vibrational coupling in driving symmetry breaking. Also in this case,

the orientational field enters the Hamiltonian as a classical variable and the

total Hamiltonian Ĥ = Ĥe + Ĥv + Ĥs is diagonalized non-adiabatically for

different (Fx, Fy) points obtaining a set of 3M2 vibronic eigenstates, being

M the dimension of the basis for each oscillator, and thermally-averaged

spectrum is obtained.

1.3 Excited-state symmetry breaking in an

aza-nanographene dye

Compound 1 (Figure 1.5) belongs to a family of butterfly-shaped π-expanded

pyrrolo[3,2-b]pyrroles recently reported by Gryko and coworkers [141]. Pyr-

rolo[3,2-b]pyrrole (PP) is a heterocyclic electron-rich building block exploited

in organic chemistry for the construction of materials for organic electronics,

photonics and photovoltaics [142–144]. In 1, the PP core is expanded with

12 fused aromatic rings forming two large wings at the periphery. The result-

ing structure is an aza-nanographene analogue, in which two Nitrogen atoms

are embedded in a graphene-like architecture [145–147]. Steric hindrance be-

tween hydrogen atoms pointing inside the wings force this aza-nanographene

in a non-planar conformation [141]. Because of its non-planar structure,

1 possesses three confomational isomers: two enantiomeric double-helical

twisted forms, and a folded meso form (Figure 1.5, bottom). Conforma-

tional study in gas phase indicated that the twisted forms are more stable

by 8.9 kJ mol-1 with respect to the folded form, the interconversion barrier

between the two forms amounting to 56.0 kJ mol-1. Thanks to this low

energy barrier it was not possible to separate the isomers, that were found

to coexist in the crystalline phase [141].

The absorption spectrum of 1 (Figure 1.6 (a)) [141] spans a large portion

of the UV range, with a tail in the blue. It shows a complex structure, with
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Figure 1.5: The butterfly-shaped aza-nanographene dye 1. Top: molecular struc-

ture of 1. Bottom: the conformational isomers of 1, two twisted enantiomeric

forms and one meso folded form. For clarity tert-butyl groups are substituted with

hydrogen atoms.
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two groups of closely spaced bands, one in the 300-350 region, with a max-

imum at λ ≈ 350 nm, and another below 400 nm, peaking at λ ≈ 430 nm.

Absorption bands are almost insensitive to solvent polarity.

A solvatochromic behaviour was instead found in emission (Figure 1.6 (b))

[141]. Fluorescence occurs in the blue in cyclohexane (λ ≈ 450 nm) and is

red-shifted to λ > 500 nm in dimethyl sulfoxide. The shift is accompanied

by a change of bandshape as well: the vibronic progression is recognizable

in non-polar solvents and is smeared out as the solvent polarity increases.

Fluorescence quantum yields are in the range 17 to 32% and do not follow

a trend with polarity, with emission lifetimes in between 16.8 and 18.9 ns.

Solvatofluorochromism of 1 is hardly explained by its nonpolar struc-

ture, which should grant for small dipole moment both in the ground and

excited states. Spectroscopic evidence suggests the occurrence of excited-

state symmetry-breaking, as it occurs for class I quadrupolar dyes. Indeed,

PP is known to act as electron donor in quadrupolar dyes undergoing sym-

metry breaking, when conjugated to strong electron-withdrawing groups

such as cyano [104,105], nitro [138,148,149] and carbonyl groups [150].

The structure of 1 is however qualitatively different, since the molecular

structure originates by the expansion of the PP itself and lacks well-defined

acceptor groups. Observation of symmetry-breaking in a non quadrupolar-

like structure inspired further detailed experimental and theoretical study of

1 [110]. Firstly, we undertook a more in-depth characterization of the elec-

tronic transitions, performing fluorescence anisotropy measurements. Even

more interestingly, anisotropy was found to behave very differently with re-

spect to standard quadrupolar dyes. Quantum mechanical study through

time-dependent density functional theory (TDDFT) was crucial in ratio-

nalizing experimental data, confirming an underlying quadrupolar nature

of 1. On TDDFT results we finally validated the three-state model, safely

locating 1 in class I.

1.3.1 Fluorescence anisotropy measurements

Fluorescence anisotropy is a phenomenon widely exploited for the investi-

gation of the relative polarization of the transitions of organic fluorophores

[151]. Specifically, the fundamental anisotropy r0 of a chromophore is related
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Figure 1.6: Experimental data of 1. (a) Absorption (continuous line) and emission

(dashed line) spectra in 2-methyltetrahydrofuran at room temperature. (b) Emis-

sion spectra in solvents of different polarity (CHX: cyclohexane, TOL: toluene,

THF: tetrahydrofuran, DMSO: dimethyl sulfoxide). (c-e) Fluorescence excitation

anisotropy (dots) in different solvents (MeCHX: glassy methyl cyclohexane at 77K,

2-MeTHF: glassy 2-methyltetrahydrofuran at 77K, pTHF: polytetrahydrofuran at

room temperature). Emission wavelengths are reported in the legends. Excitation

and emission spectra (continuous and dashed lines respectively) collected under the

same experimental conditions are reported as a guide to the eye.
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to the angle α between its absorption and emission dipole moments [151,152]:

r0 =
2
5

(

3 cos2 α− 1
2

)

(1.31)

A detailed introduction to the theory as well as the experimental setup for

anisotropy measurements can be found in Appendix A.

Fluorescence anisotropy measurements on 1 were performed in frozen

solvents of different polarity, namely a nonpolar solvent, methylcyclohexane,

and a mildly polar solvents, 2-methyltetrahydrofuran (Figure 1.6 (c-d)) and

also in a viscous solvent, polytetrahydrofuran, at room temperature (Figure

1.6 (e)). These conditions prevent the solute molecules to rotate during

the excited-state lifetime, avoiding depolarization effects and allowing the

direct measurement of r0. In addition, while in liquid solvents the solvent

molecules can reorient around the solute stabilizing polar excited states, in

frozen solvents the rotational motion is hindered and the solvent is blocked

in the configuration equilibrated with the ground-state of the solute.

Excitation anisotropy of 1 is independent of the experimental conditions

(solvent, temperature and emission wavelength). Starting from r0 ≈ 0.1 at

λ ≈ 300 nm, anisotropy smoothly decreases to about r0 = 0 at λ ≈ 430 nm,

corresponding to the first absorption maximum. In frozen solvents, for de-

tection at the 0-0 vibronic line of the emission spectrum (λ = 450 nm),

r0 covers a wider range of values, between -0.1 and 0.2. For excitation at

wavelenghts longer than 430 nm, r0 increases steeply, reaching r0 ≈ 0.25 on

the red-edge of the absorption band which overlaps with emission.

On more general grounds, when a chromophore is excited to one of its

optically allowed states Sn, it then relaxes on a fast timescale through in-

ternal conversion to the lowest-energy excited state S1, which is responsible

for fluorescence emission (Kasha rule). It follows that the emission dipole

moment addressed in an anisotropy experiment is always the same (the one

of S0 ← S1), while the excitation dipole moment depends on the transi-

tion promoted in absorption. For excitation inside the S0 → S1 band, the

very same states are involved in absorption and emission, so that relevant

dipole moments are parallel and r0 = 0.4. This strategy is useful to locate

the S0 → S1 transition in the absorption spectrum. Indeed, for prototyp-

ical quadrupolar chromophores r0 ≈ 0.4 over a wide spectral range in the

low-energy region [127,130].
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Excitation anisotropy of 1 suggests that the absorption peak at λ ≈
430 nm is not involving the S1 state, as in this region r0 ≈ 0, rather indicat-

ing a S0 → Sn transition forming with emission an angle close to the magic

angle (α = 54.7◦). Indeed, anisotropy increases for λ > 430 only, suggesting

the presence of another state with different polarization (α ≈ 30◦, or an

angle with the same squared cosine) and low oscillator strength.

Another hint of the non-coincidence of the state absorbing at λ ≈ 430 nm

with the emitting state comes from the inspection of excitation and emission

spectra in glassy solvents, where stabilization of the excited state by polar

solvation cannot occur, leading to vanishing Stokes shift. Emission spectra

overlap with excitation spectra only in the weak tail in which r0 → 0.25,

suggesting an underlying band of the S0 → S1 transition.

Moreover, the oscillator strength of the band at λ ≈ 430 nm amounts

to ∼ 0.3, corresponding to a transition dipole moment of ∼ 6 D, while the

emission transition dipole estimated from the Weisskopf-Wigner equation

[153, 154] amounts only to ∼ 3 D independently of the solvent, claiming at

the non-correspondence between absorbing and emitting states.

All these observations will be fully supported by the theoretical investi-

gation reported below.

1.3.2 TDDFT study

Both conformational isomers of 1 were considered in theoretical modelling

(for the twisted form, the (P,P) enantiomer was selected). Optimization

of the ground-state geometry of 1 was performed at DFT level [155–157]

with Becke, 3-parameters, Lee-Yang-Parr (B3LYP) [158] hybrid functional

and Pople 6-31+G(d,p) basis set, as implemented in the Gaussian16 pack-

age [159]. For the theoretical background of (TD)DFT the reader is referred

to Appendix B. We are interested in the symmetry-breaking phenomenon,

which is favoured by polar solvation [85], therefore all calculations were

made in a highly polar solvent, dimethyl sulfoxide (ǫDMSO = 46.7), im-

plemented in the framework of the polarizable continuum model (PCM) ap-

proach [160,161]. In order to save computational resources, tert-butyl groups

were substituted with hydrogen atoms, assuming that this has marginal

spectroscopic effects.
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The twisted isomer was found to be more stable by 9.9 kJ mol−1 than

the folded form. Thus, at equilibrium, the chromophore is expected to exist

mainly in one of its twisted forms which are responsible for the spectroscopic

features of 1. In the following, however, for the sake of completeness, we

will report results obtained for both isomers, even if we will focus mainly on

the twisted form.

The lowest-energy electronic transitions were investigated via time de-

pendent DFT (TDDFT) [162–165], obtaining the data in Table 1.1. In

gas-phase, two main transitions were found at λ = 413.4 and λ = 357.9 nm,

corresponding to S0 → S3 and S0 → S5, polarized along the ideal plane of

the molecule. The lowest-energy excitations (S0 → S1 and S0 → S2) are two

quasi-degenerate transitions at λ ≈ 436 nm. S0 → S1 is dark, directed along

the C2 axis, and is almost exclusively a HOMO → LUMO+1 transition.

S0 → S2 is instead weakly allowed, and involves mainly a HOMO → LUMO

excitation.

In dimethyl sulfoxide the highest oscillator strength is associated again

with the S0 → S3 and S0 → S5 transitions, found at λ = 416.8 and

λ = 358.6 nm respectively, while S0 → S1 and S0 → S2 (λ ≈ 432 nm) are one

order of magnitude weaker. Frontier molecular orbitals (FMOs) involved in

the aforementioned transitions are reported in Figure 1.7. Doubly-occupied

orbitals (HOMO and HOMO-1) are delocalized over the whole molecule,

especially on the PP core. LUMO extends over the peripheral wings, in-

volving only in part the atoms of the PP, while LUMO+1 is localized at

the periphery of the chromophore and has nodes on the core. Accordingly,

both S0 → S1 and S0 → S2 transitions possess a partial CT character, im-

plying a migration of electronic density from the PP to the wings. On the

opposite, the intense S0 → S3 transition coincides with HOMO→ LUMO+2

excitation, and involves a redistribution of electron density over the whole

molecule.

State-specific solvation [166] was considered for the three lowest-energy

transitions. As expected, the largest corrections were found for CT tran-

sitions, which were red-shifted by ∼ 32 nm (0.2 eV) compared to linear-

response, while the S0 → S3, as for typical localized (LE) transitions, was

only slightly affected, being shifted to higher energy by ∼ 0.04 eV only.
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Very similar results were obtained for the folded isomer, as expected

from the structural similarity. While the twisted isomer belongs to C2

point group, so that all transitions are allowed by symmetry, the folded

form is centrosymmetric (Ci point group), and transitions which are gerade

with respect to the inversion centre (Ag symmetry) are symmetry-forbidden.

S0 → S1 was found at the same energy of the twisted isomer, and close to

the S0 → S2 transition that, in this case, is dark. S0 → S1 is mainly a

HOMO→LUMO excitation, thus possessing a partial CT character (FMOs

of the folded isomer, not shown, are identical to those of the twisted). The

most intense transitions coincide with S0 → S3 and S0 → S4 and do not

have CT nature.

Since the folded form has a minority contribution to experimental spec-

tra, we will compare to experiment only TDDFT results for the twisted

form. Accordingly, the experimental bands at λ = 427 and λ = 360 nm can

be safely assigned to the S0 → S3 and S0 → S5 transitions respectively, with

an error within 0.02 eV. Two bright CT states having significantly lower os-

cillator strength (S1 and S2) are found at lower energy, and one of them is

responsible for fluorescence, in agreement with the picture emerging from

excitation anisotropy data.

When dealing with CT transitions with TDDFT, we should be aware of

artifacts that could arise from the choice of the functional. B3LYP is known

for pathologically underestimating the energy of CT states, and sometimes

is responsible for the appearance of low-lying dark CT transitions [167–

169]. In order to check the reliability of B3LYP for 1, calculations on the

twisted isomer were performed also with the exchange-correlation CAM-

B3LYP functional [170].

The performance of CAM-B3LYP is quantitatively poorer: the main

transitions are predicted at λ = 363 and λ = 309 nm, i.e. shifted to the blue

by 0.5-0.6 eV compared to experiment. In more qualitative terms, the first

three transitions are predicted in a narrow spectral range (less than 0.15 eV-

wide, accounting for state-specific solvation), confirming that, irrespective of

the choice of the functional, low-energy spectroscopy of 1 is governed by the

interplay of the S1−3 states, as it emerged from B3LYP results, validating

the results discussed above. For this reason in the rest of the discussion we

will focus on B3LYP results only.
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Table 1.1: TDDFT results for 1: transition energies/wavelengths, oscillator

strenghts (f) and main excitations involved in the lowest S0 → Sn transitions. Cal-

culations were done in gas phase and dimethyl sulfoxide (DMSO) for the twisted

isomer, with B3LYP and CAM-B3LYP functionals. Calculations on the folded iso-

mer were performed in DMSO only (B3LYP functional). The basis set is always

6-31+G(d,p). Data in italic were computed with state-specific solvation.

Sn Energy/eV Wavelength/nm f Type (>20%)

S1 2.841 436.4 0.006 H→ L+1 (98%)

Twisted S2 2.843 436.1 0.055 H→ L (87%)

gasphase S3 3.000 413.4 0.251 H→ L+2 (79%)

B3LYP S4 3.393 365.4 0.002 H-1→ L+1 (82%)

S5 3.465 357.9 0.374 H-1→ L (79%)

S1 2.871 (2.673 ) 431.9 (463.8 ) 0.009 H → L+1 (98%)

Twisted S2 2.872 (2.673 ) 431.6 (463.8 ) 0.092 H → L (84%)

DMSO S3 2.974 (3.010 ) 416.8 (411.9 ) 0.410 H → L+2 (78%)

B3LYP S4 3.412 363.4 0.003 H-1 → L+1 (79%)

S5 3.457 358.6 0.547 H-1 → L (84%)

S1 3.410 (3.538 ) 362.8 (350.4 ) 0.967 H → L (50%)

H → L+2 (39%)

Twisted S2 3.535 (3.591 ) 350.7 (345.3 ) 0.355 H → L (34%)

DMSO H → L+2 (46%)

CAM-B3LYP S3 3.561 (3.631 ) 348.2 (341.5 ) 0.032 H → L+1 (84%)

S4 3.993 310.5 0.028 H-2 → L+2 (23%)

H-1 → L+1 (29%)

H → L+3 (29%)

S5 4.017 308.6 1.540 H-1 → L (74%)

S1 2.871 (2.719 ) 431.9 (456.0 ) 0.334 H → L (95%)

Folded S2 2.891 (2.719 ) 428.8 (456.0 ) - H → L+1 (98%)

DMSO S3 2.947 (3.023 ) 420.7 (410.1 ) 0.620 H → L+2 (92%)

B3LYP S4 3.340 371.2 0.957 H-1 → L (90%)

S5 3.375 367.3 - H-1 → L+1 (90%)
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Figure 1.7: Frontier molecular orbitals (FMOs) of 1 (isovalue 0.02) for the opti-

mized ground-state (S0, left) and first excited-state (S1, right) of the twisted isomer.

Calculations were performed in dimethyl sulfoxide at B3LYP/6-31+G(d,p) level of

theory. S0 → S1 (green arrow) and S0 → S2 (blue arrow) are mainly CT excita-

tions, S0 → S3 (in magenta) is delocalized over the whole molecule. Fluorescence

(S0 ← S1) is given in orange.
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Figure 1.8: Optimized S1 geometries of twisted and folded isomers of 1 in dimethyl

sulfoxide (B3LYP/6-31+G(d,p)). The molecules are partitioned in three regions:

left (pink), centre (light blue) and right (orange) to define charge distribution (vide

infra).

The geometry of the S1 state was optimized at TDDFT level in dimethyl

sulfoxide (Figure 1.8). At first sight S1 optimized geometries are indistin-

guishable from the ground state geometry. Indeed, bond lengths and angles

are basically unaffected by nuclear relaxation. Larger variations are those

involving dihedral angles, especially in the region connecting the PP with

the wings, and amount up to 6.5◦ for the twisted isomer (Table 1.2). Al-

though these variations may seem small, they are actually quite significant

given the fused, and intrinsically rigid, nature of 1. Most interestingly, the

equivalence between pairs of symmetry-related angles in the ground state is

lost in S1, giving a hint of symmetry-breaking.

Another proof of excited-state symmetry breaking comes from the in-

spection of FMOs related to the S1 geometry (Figure 1.7). While occupied

orbitals are unaffected compared to those in the ground-state, virtual or-

bitals are strongly distorted with respect to their ground-state counterpart,

especially the lowest-energy ones, LUMO and LUMO+1. The two halves

of the molecule are no more equivalent by symmetry, and orbitals become

mainly localized on one wing. The same distortions occur also for the folded

isomer (not shown).
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Table 1.2: Selected dihedral angles of the twisted and folded isomers of 1 in the

S0 and S1 optimized geometries calculated in dimethyl sulfoxide at B3LYP/6-

31+G(d,p) level.

Twisted Folded

Dihedral angle/deg S0 S1 S0 S1

N1-C5-C8-C44 7.09 1.59 7.32 6.99

N6-C4-C3-C39 7.09 0.92 -7.31 -8.77

C9-N1-C5-C8 35.65 40.91 17.06 15.63

C10-N6-C4-C3 35.65 39.74 -17.05 -13.97

C2-N1-C5-C8 -162.64 -156.80 -176.93 -175.23

C7-N6-C4-C3 -162.64 -156.21 176.93 176.37

C18-C9-N1-C5 2.36 1.88 12.17 15.57

C23-C10-N6-C4 2.36 1.71 -12.16 -14.38

C5-C8-C44-C43 2.89 5.64 14.43 14.99

C4-C3-C39-C38 2.89 6.79 -14.43 -14.62

N1-C5-C4-N6 177.56 178.85 180.00 -179.53

C3-C4-C5-C8 163.77 158.51 180.00 179.81

Localization of excitation on one molecular wing has important con-

sequences on dipole moments. The twisted isomer of 1 possess a residual

dipole moment of 0.79 D in the ground state, directed along the C2 axis. Af-

ter vertical excitation to the S1 state, it reduces to 0.61 D. Relaxation of the

S1 geometry induces a large variation of the dipole moment, that was found

to reach 13.5 D and lying in the perpendicular plane. Similarly, the dipole

moment of the folded isomer is vanishing in the ground and in the vertical

excited states because of symmetry, while amounts to 12.2 D in the relaxed

S1 state. Thus, S1 (symmetry-broken) relaxed state is highly polar and can

be stabilized by polar solvents originating emission solvatochromism.

To better visualize the molecular substructures involved in charge redis-

tribution following excitation, we computed Hirshfeld atomic charges [171]

in the ground and first excited state for the optimized S0 and S1 geometries

(Table 1.3). Data can easily be interpreted splitting the molecule in three

parts: the centre, including the PP and neighbouring C atoms, and the left

and right parts comprising the remaining atoms of the wings (see colour code

in Figure 1.8). In the ground state the center bears a small positive charge,

and the balancing negative charge is equally shared by the wings. This
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Table 1.3: Charge distribution of twisted and folded isomers of 1 obtained from

Hirshfeld charge analysis in dimethyl sulfoxide at B3LYP/6-31+G(d,p) level. The

molecule has been partitioned in three regions, as depicted in Figure 1.8

Twisted

S0 geometry S1 geometry

S0 S1 S0 S1

center 0.0361 0.1883 0.0327 0.1930

left -0.0180 -0.0941 -0.0120 -0.3962

right -0.0180 -0.0941 -0.0206 0.2032

Folded

S0 geometry S1 geometry

S0 S1 S0 S1

center 0.0342 0.1596 0.0325 0.1777

left -0.0171 -0.0799 -0.0126 -0.3525

right -0.0171 -0.0798 -0.0199 0.1748

charge distribution is typical of a quadrupolar ADA arrangement, where

the PP acts as weak electron donor towards the peripheral wings, behaving

like weak electron acceptors. Vertical S0 → S1 excitation induces further

charge separation, with electron density flowing in a symmetrical way from

the centre to the periphery of the dye. Relaxation of S1 to its equilibrium

position drives a sizeable charge unbalance between the external regions,

leading to an highly asymmetric charge distribution. When the system re-

laxes back to the ground state through vertical S1 ← S0 de-excitation, a

charge distribution similar to the pristine situation is recovered, even if a

slight residual asymmetry of the wings is maintained.

Fluorescence of 1 consists mainly (98%) in a HOMO←LUMO de-exci-

tation. Our calculations locate the transition at λ = 512 nm, with a tran-

sition dipole moment of 4 D, in good agreement with experimental data

(λ = 505 nm and an estimated dipole moment of 3 D). The high emission

dipole moment guarantees a good fluorescence quantum yield, irrespective

of the solvent.

In Figure 1.9 we plotted the emission dipole moment together with the

absorption dipole moment for the three lowest-energy transitions (we focused
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on the twisted isomer only). This allowed us to extract the angle between

the relevant transition moments, amounting to 77◦, 28◦ and 126◦, for excita-

tion to S1, S2 and S3 respectively. From these values, through Eq. 1.31, we

obtained an estimate of the predicted values for the fundamental anisotropy:

-0.17, 0.27 and 0.006 respectively.

Anisotropy is an additive quantity, so that at a given wavelength λ it

can be calculated as

r(λ) =
∑

n

rnfn(λ) (1.32)

where the sum runs over all electronic transitions of the molecule, while rn

and fn are the anisotropy of the n-th transition and its fractional contribu-

tion to total absorption at λ [151].

In order to simulate excitation anisotropy through Eq. 1.32, fn must be

known for each λ. The vibrational structure is an essential constituent of

bandshapes, so that a Franck-Condon analysis would be necessary to extract

a reliable estimate for fn, which is beyond the purpose of the present work.

We preferred to stick to more general, but very meaningful, considerations.

The S1−3 states of 1 lie within a very narrow spectral range (∼ 0.2 eV-wide)

so that, as a first approximation, in the 400-450 nm window all transitions

overlap because of band broadening (inhomogeneous and homogeneous).

The most intense transition, S0 → S3, gives the largest contribution to

anisotropy, and at its maximum (λ ≈ 430 nm) r0 ≈ rS1→S3 . Indeed, in

this region we calculated r0 ≈ 0, in very good agreement with experimental

data. In the red-edge of the absorption spectrum, the S0 → S2 transition

is found, and its contribution is expected to increase as the S0 → S3 band

decreases. Indeed, we expect r0 ≈ rS1→S2 ≈ 0.27 , in very good agreement

with the experimental value of r0 ≈ 0.25. Finally, S0 → S1 is degenerate

with S0 → S2 and, according to our calculations, is associated to a large

and negative anisotropy. However, its oscillator strength is one order of

magnitude lower, so that its contribution to anisotropy is negligible, in line

with experiment.

1.3.3 Essential-state modelling

TDDFT results discussed in the previous section suggest that, despite its

peculiar 3D structure, 1 possess an underlying quadrupolar nature of the
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Figure 1.9: Transition dipole moments of the first three absorption transitions

(depicted as green, blue and magenta arrows) and emission (orange arrow) obtained

from TDDFT calculations in dimethyl sulfoxide (twisted isomer). The angle α is

the angle accessed by anisotropy measurements, and r the corresponding calculated

value of fundamental anisotropy.

type ADA, where the PP acts as a weak electron donor towards the two

fused wings. Moreover, this system undergoes symmetry breaking in the

first excited state, responsible for fluorescence solvatochromism, as typical

of class I dyes. However, the electronic structure of 1 is more complex,

and absorption is dominated by LE transitions, which have a significantly

higher intensity respect to CT transitions and are responsible for the unusual

behaviour of fluorescence anisotropy.

Given its quadrupolar nature, the three-state model [85] should be suit-

able for the description of absorption and fluorescence of 1. However, before

attempting the essential-state modelling of 1, we must separate CT features,

which can be addressed by ESMs, from the LE contributions, that will be

disregarded. The two CT transitions S0 → S1 and S0 → S2 obtained by

TDDFT can be easily mapped on the |g〉 → |c〉 and |g〉 → |e〉 transitions of

the three-state ESM respectively. Their energy cannot be extracted reliably

from absorption spectra, since they are hidden below the S0 → S3 transi-

tion, therefore we relied on TDDFT data. The two transitions are almost

degenerate, suggesting a small mixing between |N〉 and |Z+〉 (i.e. small t).

Indeed, inserting the TDDFT transition energies (gas phase values) in Eq.

1.23 and 1.24 we obtained t = 0.03 eV and ρ ≈ 6 × 10−4, locating the dye

in class I. For simplicity we assumed that the chromophore is linear: only

the |g〉 → |c〉 transition is bright in absorption, with a very small transition
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Figure 1.10: Spectra of 1 calculated with the three-state model. Absorption (only

relevant to CT transitions, left panel) and emission (right panel) in solvents of

different polarity. Model parameters: η = 1.42 eV,
√

2t = 0.04 eV, ωv = 0.16

eV, εv = 0.10 eV, γ = 0.05 eV. All parameters were kept fixed except for εor,

which was tuned to mimic solvent polarity (cyclohexane: 0.03 eV, toluene: 0.06 eV,

tetrahydrofuran: 0.12 eV, dimethyl sulfoxide: 0.15 eV).

dipole moment, being proportional to
√
ρ (Eq. 1.27). The remaining model

parameters were extracted from experiment: ωv was obtained from the vi-

brational spacing, εv and γ were tuned to reproduce the vibronic progression

and the vibrational bandwidth in cyclohexane, while εor was tuned to get

the solvatochromic shift in the various solvents.

Absorption and emission spectra of 1 calculated with the three-state

model are reported in Figure 1.10. The absorption spectrum looks very dif-

ferent from the experimental spectrum, since it contains only the |g〉 → |c〉
band. The increase of solvent polarity leaves the transition energy unaf-

fected, but promotes significant inhomogeneous broadening effects. A more

sound comparison can be done for emission spectra, where the essential-

state approach captures well all experimental spectral features. Not only

the emission band moves to the red as the polarity of the solvent (εor) is

increased, in quantitative agreement with experimental data, but also the

evolution of bandshape is well accounted for.

The accuracy provided by the three-state picture confirms the quadrupo-

lar nature of 1, despite the novelty and complexity of its structure. It was

also an assessment of the robustness of the ESM, which is able to work in

complex scenarios, in which LE and CT transitions are strongly correlated.

To the best of our knowledge, chromophore 1 represents the first example

of quadrupolar-like dye originating from the π-expansion of an electron-rich
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moiety and this work opens new perspectives in the design and application

of aza-nanographenes.

1.4 The intriguing case of squaraines

Squarylium dyes, also known as squaraines, are a family of polymethine dyes

obtained for the first time in the 60’s as the condensation product of squaric

acid with aromatic or heterocyclic compounds [172,173]. A typical squaraine

is constituted by an electron-deficient oxocyclobutenolate group symmetri-

cally conjugated to two electron-rich moieties. Squaraines are characterized

by high chemical and photochemical stability, and can be subject to versatile

functionalization [174]. Their typical spectroscopic features include narrow

absorption bands in the near-IR, with molar extinction coefficients on the

order of 105 mol-1 L cm-1, mirror-image emission bands with small Stokes

shift and good emission quantum yields. Squaraines are also characterized

by an intense 2PA band at approximately twice the energy of the linear

absorption band, amplified by quasi-resonance effects. [175] Thanks to these

properties, squaraines found many applications in electronics and photonics,

for example they were used as reporter units in optical sensors, as photo-

sensitizers in photodynamic therapy and photovoltaic devices, as building

blocks in low-band gap semiconducting polymers, and were exploited in a

variety of NLO applications [176–184].

The growing interest of synthetic chemists in achieving more and more

complex structures with optimized optical responses requires reliable the-

oretical tools for their investigation. However, theoretical modelling of

squaraines is far from trivial. Unfortunately, squaraines possess a fairly large

biradicaloid character in the ground state, that makes them unsuitable for

DFT analysis [185,186]. More accurate results could be obtained with post

Hartree-Fock methods, which are computationally demanding and, to date,

are applicable only to the smallest structures [187].

In this context, ESMs provide an ideal alternative to costly first principle

methods. The first attempt of essential-state modelling of squaraines was

based on the standard three-state model, treating them as DAD quadrupo-

lar chromophores, with the central C4O2 unit playing the role of the acceptor

group [85]. This model was effective in the description of the main spectro-
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scopic features of squaraines: it was able to reproduce the intense absorption

band with mirror-image emission and small Stokes shift, and also the large,

almost resonant, 2PA band in the UV. According to the three-state model,

squaraines were classified as class II dyes, explaining the lack of absorption

and emission solvatochromism as related to the stability of their ground and

excited states. Moreover, the model was successfully extended to describe

the anomalous solvatochromism of unsymmetrical squaraines [188].

Nevertheless, a more detailed inspection of experimental data suggests

other features that cannot be captured by this simple three-state model,

mostly concerning the fine structure of the 2PA spectrum and excitation

anisotropy. Although these data are available only for a limited set of

molecular structures, they share common characters, whose assignment is

sometimes controversial. 2PA spectra of squaraines show at least a shoulder

on the red-edge of the main band [189–193], while excitation anisotropy is

characterized by a dip between the OPA and 2PA bands, in a region where

the absorbance is null [190,191,194–198].

For cyanine dyes, a closely related family of polymethine dyes, the de-

scription of 2PA spectrum was improved adding a fourth state to the three-

state model [126]. A dip in excitation anisotropy in proximity of the 2PA

band is common to cyanine dyes too [190, 199]. In that case, this obser-

vation was ascribed to the slightly bent, and hence noncentrosymmetric,

structure of cyanines, that makes the transition responsible for 2PA par-

tially allowed also in absorption [139]. However, this argument is hard to

apply for squaraines, especially for those possessing a rigid and centrosym-

metric backbone, so that a different origin should be invoked.

More recently, the ESM for squaraines was revisited in order to get a

finer description of experimental data. In the paper by Liu et al. [139], the

original three-state model was extended accounting for the inner degrees

of freedom of the squaric ring, treating the Oxygen atoms as separate A

groups. In this way, five states were considered for the definition of the elec-

tronic Hamiltonian. This model, hereafter referred to as five-state model,

was tested for a series of rigid aniline-based squaraine dyes, providing a sub-

stantial improvement over the three-state results. According to this model,

the anisotropy dip originates from a transition to a one-photon allowed state

located in-between the main OPA and 2PA bands, polarized perpendicularly
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Figure 1.11: Molecular structure of the investigated squaraines.

to the main molecular axis. However, the computed dip was fairly too pro-

nounced and too red-shifted compared to experiment. Also the modelling

of 2PA spectra, in spite of qualitative improvements, was judged as not

exhaustive.

In the next section we will further extend the ESM for squaraine dyes,

with the aim of achieving an accurate and comprehensive description of their

spectroscopy. The first step consists in the addition of a doubly charge-

separated state to the five-state model (six-state model), in the attempt to

refine 2PA spectra as previously done for cyanines. Then, we will work on

the possibility of adding more states describing charge delocalization over

the squaric ring (eight-state model). Both models will be tested against

experimental data of a model squaraine, SQ0 (Figure 1.11).

While a virtually unlimited number of different structures can be ob-

tained from chemical modification of the electron-rich moieties [200], an-

other source of structural modification of squaraines is the functionalization

of the squaric core [201, 202]. A novel class of squaraines was obtained re-

cently from substitution of one oxygen atom on the oxocyclobutenolate with

a bulkier and electron-withdrawing group [203–209]. This functionalization
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blocks the molecule in a cis conformation [204,210,211], preventing photoi-

somerization [212, 213]. Moreover, core-substitution affects the position of

the main absorption band, shifting it to longer wavelengths, and results in

the appearance of new bands in the UV [201,203–210]. Despite the interest

of many experimentalists in these structures, especially for application as

solar cells sensitizers for their ability to harvest high-energy photons with

low photodamage, in-depth spectroscopic and theoretical investigation is

limited [203,205–209,214,215].

In the last section of this Chapter we will undertake a deeper investiga-

tion of the spectroscopic effect promoted by core-substitution of squaraines.

We will present the spectroscopic characterization of a pair of symmetric

indolenine-based squaraine dyes, SQ1 and SQ2 (Figure 1.11), one of them

substituted on the squaric ring with a dicyanovinyl group. Finally, we will

attempt the rationalization of experimental data through ESMs.

1.4.1 Beyond the three-state model: SQ0

Aniline-based squaraine SQ0 was selected as test for the ESMs proposed

in this Section. For this molecule, a complete set of experimental data was

available, including linear absorption and emission spectra, 2PA spectra and

excitation anisotropy [193]. The choice was motivated by the rigidity of the

molecule and its high symmetry (D2h point group) that can be conveniently

exploited in the modelling, allowing to reduce the number of parameters,

granting a more sound physical interpretation. Moreover, an analogue of

SQ0 (with butyl groups replaced with methyls) was recently studied with

a variety of highly-accurate post Hartree-Fock methods, which provide a

complementary insight [187]. The main spectroscopic features of this dye

are common to most members of the squaraine family, so that discussing

the properties of SQ0 we do not loose in generality.

An overview of experimental data

Optical spectra of SQ0 are collected in Figure 1.12. In toluene SQ0 fea-

tures a narrow absorption band peaking at λ = 636 nm with a maximum

molar extinction coefficient ε = 3.65 × 105 mol-1 L cm-1. This band, as

for all squaraines, can be safely assigned to a one photon allowed S0 → S1
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Figure 1.12: Experimental data on SQ0. Left panel: normalized absorption (black)

and emission (red) spectra in toluene, excitation anisotropy (green dots) in poly-

tetrahydrofuran. Right panel: 2PA spectrum in toluene (1 GM = 10−50 cm4 s

photons-1). Adapted with permission from J. Phys. Chem. Lett. 2010, 1, 15,

2354–2360. Copyright 2010 American Chemical Society.

transition, which possess a partial CT character and is polarized along the

main molecular axis [189, 191, 192, 194, 196, 198]. Looking into more de-

tail at the absorption spectrum, another weak peak is found in the UV, at

λ ≈ 380 nm. The same feature was noticed for many other squaraines and

was assigned to generic S0 → Sn transitions [191,192,194,198]. SQ0 shows

intense emission (QY = 95%) that is the mirror image of absorption and

peaks at λ = 646 nm, with a Stokes shift amounting to less than 250 cm-1.

As for most squaraines, solvent polarity has a marginal impact on band

position, and in the following we will not attempt to reproduce the small

experimental shifts.

The 2PA spectrum of SQ0 consists of a weak band around 580 nm,

the same region of the vibronic shoulder of the main OPA band, with a

cross-section σ < 300 GM. Apart from one study suggesting the presence

of an additional electronic contribution to 2PA in this region [195], it was

experimentally and theoretically proven that this low energy 2PA band of

squaraines has a vibronic origin [189,197,215,216]. Specifically, the S0 → S1

transition, one-photon forbidden by symmetry, becomes partially allowed

because of the coupling to a 2PA-active Ag state mediated by a Bu vibra-

tional mode. In the high-energy region of the 2PA spectrum, at least two

distinct features can be recognized: the tail of an intense band, character-

istic of squaraines, peaking outside the experimental window (λ < 350 nm)

and a shoulder (σ ≈ 4500 GM) around 420 nm.
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Excitation anisotropy of SQ0 is almost flat and close to the limiting 0.4

value (r ≈ 0.35) within the main OPA band. Starting from λ ≈ 470 nm

and moving to shorter wavelengths, anisotropy decreases steeply, reaching

r ≈ 0 at λ ≈ 430 nm, and then increases again to r ≈ 0.3 before declining

at higher energy. The anisotropy dip at λ ≈ 430 nm does not correspond to

a distinct absorption band, and indicates a transition polarized according

to an angle α ≈ 52◦ with respect to emission. For the secondary absorption

peak we get instead α = 24◦. The origin of the anisotropy dip is still sub-

ject to discussion. Many papers discussing anisotropy of squaraines suggest

that anisotropy dips give information on the position of 2PA states, which

are not accessible upon linear absorption [190, 191, 193, 195–198]. However,

this interpretation is questionable, since anisotropy relies on absorption and

emission, which are both linear processes and are subject to the same se-

lection rules. We thus have to seek for a different origin. One could be

electronic, i.e. due to the presence of a OPA-allowed state with suitable

polarization and small transition dipole moment. Another hypothesis could

be a vibronic origin. Accordingly, the transition responsible for the dip is

a 2PA transition that becomes partially allowed in OPA thanks to the vi-

bronic coupling to a high-energy OPA-active state polarized along the short

molecular axis. To date, there is not enough experimental data to definitely

support either of the hypotheses and the available data from first principle

calculations on SQ0 are not resolutive in this direction [187].

The six-state model

The first step towards the improvement of the ESM for squaraines is to take

the five-state model of Ref. [139], which was able to give a better description

of anisotropy, and add one more state, a doubly-excited state, as was done for

cyanines to improve 2PA [126]. Indeed, first principle calculations on SQ0

revealed a doubly-excited character of the high-energy 2PA transitions [187].

As in the five-state model, SQ0 was described as a DA2D dye, with

the donor groups extending over the aniline moieties, and the acceptors

corresponding to the two Oxygen atoms on the squaric core. This structure

belongs to the point group D2h and was placed on the xy plane, with the A

groups aligned with the x axis (Figure 1.13 (a)).
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In the spirit of ESMs, the main resonance structures of the dye, sketched

in Figure 1.13 (a), were chosen as the electronic basis states. As in Ref. [139],

the basis set includes a neutral |N〉 state and four degenerate zwitterionic

states, obtained after electron hopping from one D site to either of the A

groups, |Z1u〉, |Z1d〉, |Z2u〉 and |Z2d〉. The subscripts 1 and 2 indicate a pos-

itive charge on the left and right D group respectively, while the subscripts

’u’ and ’d’ indicate the position of the negative charge, on the upper (up)

or lower (down) A site. Here, we add the doubly zwitterionic state |ZZ〉,
describing the situation in which all four groups bear a unitary charge. The

dipole moment of the zwitterionic states lies on the xy plane, with com-

ponents µx
0 and µy

0, while the dipole moment of |ZZ〉 vanishes because of

symmetry (see Figure 1.13 (a)). Typically a squaraine is elongated along

the y axis, so that µx
0 ≪ µy

0. Given 2η the energy difference between the

neutral and the four charge-separated states, the energy of |ZZ〉 amounts

to 4η. On this basis the electronic Hamiltonian Ĥe reads

Ĥe =



























0 −τ −τ −τ −τ 0

−τ 2η −β 0 0 −τ ′

−τ −β 2η 0 0 −τ ′

−τ 0 0 2η −β −τ ′

−τ 0 0 −β 2η −τ ′

0 −τ ′ −τ ′ −τ ′ −τ ′ 4η



























(1.33)

The CT integral τ mixes the neutral state with each of the zwitterionic

states. A different mixing between the zwitterionic states and the double

zwitterion was accounted for, described by τ ′. |N〉 and |ZZ〉 mix only

through the zwitterionic states. We expect that charge separation on a

zwitterionic state is more costly that on a neutral state, so that typically

τ ′ < τ . An additional parameter β was required to describe charge resonance

between the A moieties.

The electronic problem can be better understood resorting to symme-

try. The four degenerate zwitterionic states can be conveniently combined

into the following symmetry-adapted wavefunctions (symmetry species are

reported in brackets):

|Z++〉 =
1
2

(|Z1u〉+ |Z1d〉+ |Z2u〉+ |Z2d〉) (Ag) (1.34)

|Z−+〉 =
1
2

(|Z1u〉 − |Z1d〉+ |Z2u〉 − |Z2d〉) (B3u) (1.35)
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Figure 1.13: The six-state model for a DA2D squaraine (D2h symmetry). (a)

Schematic representation of the six basis states. Red and blue circles represent

electron acceptor and electron donor groups respectively. Components of the dipole

moment of the states (direction from the positive to the negative charge) are shown

according to the Cartesian axes sketched on the left. (b) Left: energy of the sym-

metrized basis states. Right: the eigenstates and their symmetry. States in blue

(red) are accessible via one photon (two photon) absorption. The ordering of the

eigenstates may vary according to the specific parametrization.
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|Z+−〉 =
1
2

(|Z1u〉+ |Z1d〉 − |Z2u〉 − |Z2d〉) (B2u) (1.36)

|Z−−〉 =
1
2

(|Z1u〉 − |Z1d〉 − |Z2u〉+ |Z2d〉) (B1g) (1.37)

Of course the states |N〉 and |ZZ〉 belong to the totally-symmetric Ag.

On the symmetrized basis Eq. 1.33 can be rewritten as

Ĥe =



























0 −2τ 0 0 0 0

−2τ 2η − β 0 0 0 −2τ ′

0 0 2η + β 0 0 0

0 0 0 2η − β 0 0

0 0 0 0 2η + β 0

0 −2τ ′ 0 0 0 4η



























(1.38)

Only Ag states, |N〉, |Z++〉 and |ZZ〉, are mixed, giving the ground state

and two excited states, as depicted in Figure 1.13 (b). The |Z+−〉 state stays

unmixed at energy 2η − β, while |Z+−〉 and |Z−−〉, of different symmetry,

remain degenerate at energy 2η+ β. The molecule possesses inversion sym-

metry, therefore only ungerade states are accessible via OPA. According to

symmetry, the transition towards the B2u state is polarized along the main

molecular axis (coinciding with y), while B3u is polarized perpendicularly

(along x). Transitions towards the remaining states are instead 2PA-allowed.

B1g is degenerate with the OPA-allowed B3u, while the other states possess

both Ag symmetry. One of them coincides with the highest-energy excited

state, while the position of the other depends on the choice of the model

parameters.

It is clear that, compared to the three-state model, this six-state model

has the capability of describing more details, affording higher complexity.

Indeed, the B3u state is bright in OPA and has the right polarization to

describe the dip in anisotropy. Moreover, the presence of three 2PA-active

states allows for a much more detailed description of 2PA spectra.

To address bandshapes, the electronic model was extended to include

intramolecular vibrations, in a similar way to quadrupolar chromophores

[85]. Two independent vibrational coordinates q1 and q2 with harmonic

frequency ωv describe nuclear motion along the two equivalent molecular

arms D −A2 and A2 −D, with vibrational relaxation energy εv. The |ZZ〉
state couples with both coordinates, and the vibrational Hamiltonian Ĥv
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Figure 1.14: Spectra of SQ0 calculated with the six-state model. Left panel: nor-

malized absorption (black) and emission (red), and excitation anisotropy (green).

Right panel: 2PA spectrum. Model parameters: η = 0.35 eV, τ = 0.97 eV, τ ′ = 0.2

eV, β = 0.65 eV, εv = 0.11 eV, ωv = 0.13 eV, µx
0 = 4.0 D, µy

0 = 24.0 D, γ = 0.05

eV. We set εor = 0.1 eV for toluene (absorption, emission and 2PA spectra) and

εor = 0.2 eV for polytetrahydrofuran (anisotropy). Asterisks mark transition ener-

gies obtained from the diagonalization of the electronic problem.

reads

Ĥv =−
√

2εvωvq̂1
(

|Z1u〉 〈Z1d|+ |Z1d〉 〈Z1u|+ |ZZ〉 〈ZZ|
)

−
√

2εvωvq̂2
(

|Z2u〉 〈Z2d|+ |Z2d〉 〈Z2u|+ |ZZ〉 〈ZZ|
)

+
1
2

[

ω2
v

(

q̂2
1 + q̂2

2

)]

+
1
2

(

p̂2
1 + p̂2

2

)

(1.39)

Polar solvation was introduced in a reaction-field approach, and diago-

nalization of the complete problem was performed non adiabatically, as was

already described for quadrupolar chromophores.

Results reported herein for SQ0 were obtained setting 10 vibrational

states. We fixed εor = 0.1 eV to compare with experimental data in toluene,

while a higher value of εor (0.2 eV) was chosen for the calculation of aniso-

tropy, to compare with more polar polytetrahydrofuran. The parameters µx
0

and µy
0 were tuned to reproduce the molar extinction coefficient in toluene.

Spectra of SQ0 obtained with the six-state model are reported in Figure

1.14. In order to better locate the states responsible for the various spec-

tral features, the position of the purely electronic states obtained from the

diagonalization of Ĥe are shown on the panels with asterisks.

According to the model, the intense and narrow absorption peak at

λ ≈ 635 nm corresponds to the transition towards the B2u state, polarized

along the main molecular axis. The same state is responsible for emission.
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Fluorescence spectrum is the mirror image of the main absorption peak and

compares favourably with experiment, also in terms of bandshape.

Concerning 2PA, the correspondence between experimental and simu-

lated spectra is satisfactory in the high-energy region. The most intense

band peaks at λ < 320 nm, outside the experimentally accessible win-

dow, in agreement with experiment. The state involved in this transi-

tion is the highest-energy Ag state, which contains a significant contribu-

tion from the doubly-excited |ZZ〉 state. Another, less intense 2PA band

(σ ≈ 3.5 × 103 GM), mainly due to the other Ag state, is predicted in be-

tween 350 and 400 nm, acting as a shoulder of the main 2PA peak, and

possess a partial doubly-excited character as well. B1g is bright in 2PA with

small cross-section and overlaps with the Ag bands. Another 2PA signal

was found at λ ≈ 600 nm and corresponds to a vibronically-activated tran-

sition towards the lowest B2u state, as found experimentally, however both

its intensity and width are underestimated.

The modelling of fluorescence excitation anisotropy is instead more del-

icate. The calculated anisotropy amounts to 0.4 inside the main OPA band

and decreases abruptly to the lower limit −0.2 at λ ≈ 470 nm. This result

is trivial, considering that the two OPA transitions are mutually perpendic-

ular. Indeed, the dip is due to the presence of the B3u state, polarized along

x.

Two main issues are related to the calculated anisotropy. The first con-

cerns the width of the dip, that is too wide compared to experiment. The

second is related to the weak peak at λ ≈ 385 nm, that compares well with

the one found in the OPA spectrum in terms of spectral position, shape and

intensity, but has a very different polarization. According to the model, this

peak is due to the B3u state, the same state responsible for the anisotropy

dip. Conversely, in the experimental spectrum, anisotropy corresponding to

this band is high (r ≈ 0.3) rather suggesting a y-polarization. In our model,

anisotropy dip and weak OPA band are correlated features, and cannot be

adjusted to match experiment, for any set of parameters. At the same time,

having only two states contributing to anisotropy, an improvement of its

shape is difficult to achieve.

The state responsible for the weak OPA band in the UV could be most

probably another B2u state, that is not included in our model. To improve
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these features, addition of more states could be a possibility, and will be

explored in the next section.

The eight-state model

We describe the target squaraine as a DA2D molecule of symmetry D2h,

as in the six-state model. However, in this case, we take into account the

possibility of the stabilization of the negative charge by the squaric ring

itself. Thus, the eight states depicted in Figure 1.15 (a) are required to

describe the system.

Starting from the neutral |N〉 state, the charge can be transferred from

either of the external D groups to the squaric ring, obtaining the two zwit-

terionic states |Z1〉 and |Z2〉, having both a dipole moment aligned along

the y axis. |N〉, |Z1〉 and |Z2〉 correspond to the same basis set adopted in

the original three-state model for typical quadrupolar DAD chromophores,

where the ring behaves as acceptor.

Here we also take into account the displacement of the negative charge

from the ring to either of the Oxygen atoms, treated as acceptor sites. This

requires the addition of four zwitterionic states, coinciding to those intro-

duced in the six-state model, |Z1u〉, |Z1d〉, |Z2u〉 and |Z2d〉.

In principle, three double-zwitterionic states can be obtained, one (|ZZ〉)
corresponding to the situation in which all D and A groups are charged, and

two where one of the negative charges resides on the squaric ring. To keep

the model simple, only |ZZ〉 will be accounted for in the model, in analogy

with the six-state model.

As before, we set 2η as the energy gap between the neutral state and

the zwitterionic states |Z1u〉, |Z1d〉, |Z2u〉 and |Z2d〉, and 4η as the energy

of |ZZ〉. A different diagonal energy 2(η + k) was assigned to the states

|Z1〉 and |Z2〉, introducing a new model parameter, k. Moreover, the matrix

element τ describes charge transfer from the donors to the squaric ring,

while β describes charge resonance between the squaric ring and the acceptor

groups. The parameter τ ′ mixes the four degenerate zwitterionic states with

the double-zwitterionic state.
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Figure 1.15: The eight-state model for a DA2D squaraine. (a) Schematic repre-

sentation of the eight basis states. Red and blue dots represent electron acceptor

and electron donor groups respectively. Components of the dipole moment of the

states (direction from the positive to the negative charge) are shown according to

the Cartesian axes sketched on the left. (b) Left: energy of the symmetrized basis

states. Right: the electronic eigenstates. States in blue (red) are accessible via one

photon (two photon) absorption.
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On this basis the electronic Hamiltonian Ĥe is the following eight-dimen-

sional matrix:

Ĥe =





































0 −τ −τ 0 0 0 0 0

−τ 2(η + k) 0 −β −β 0 0 0

−τ 0 2(η + k) 0 0 −β −β 0

0 −β 0 2η 0 0 0 −τ ′

0 −β 0 0 2η 0 0 −τ ′

0 0 −β 0 0 2η 0 −τ ′

0 0 −β 0 0 0 2η −τ ′

0 0 0 −τ ′ −τ ′ −τ ′ −τ ′ 4η





































(1.40)

Exploiting symmetry, the four degenerate zwitterionic states can be com-

bined into the symmetrized |Z++〉, |Z−+〉, |Z+−〉 and |Z−−〉 wavefunctions,

as described by Eqs. 1.34-1.37, while the states |Z1〉 and |Z2〉 can be com-

bined in one Ag and one B2u state:

|Z+〉 =
1√
2

(|Z1〉+ |Z2〉) (Ag) (1.41)

|Z−〉 =
1√
2

(|Z1〉 − |Z2〉) (B2u) (1.42)

The four Ag states, |N〉, |Z+〉, |Z++〉 and |ZZ〉 are mixed to give the

ground state and three excited states, |Z−〉 mixes with |Z−+〉 giving two

B2u excited states, while the remaining |Z+−〉 and |Z−−〉 stay unmixed at

energy 2η (Figure 1.15 (b)). Thus, we expect three OPA transitions, two of

them (B2u) polarized along the long molecular axis and one (B3u) polarized

in the perpendicular direction. Four states are contributing to 2PA, three

of them possessing Ag symmetry and one of B1g symmetry, degenerate with

the x-polarized OPA transition.

As in the six-state model, two independent vibrational coordinates q1

and q2 with harmonic frequency ωv and vibrational relaxation energy εv

describe nuclear motion along the two equivalent molecular arms, leading to

the following vibrational Hamiltonian Ĥv

Ĥv =−
√

2εvωv q̂1
(

|Z1〉 〈Z1|+ |Z1u〉 〈Z1d|+ |Z1d〉 〈Z1u|+ |ZZ〉 〈ZZ|
)

−
√

2εvωv q̂2
(

|Z2〉 〈Z2|+ |Z2u〉 〈Z2d|+ |Z2d〉 〈Z2u|+ |ZZ〉 〈ZZ|
)

+
1
2

[

ω2
v

(

q̂2
1 + q̂2

2

)]

+
1
2

(

p̂2
1 + p̂2

2

)

(1.43)
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Figure 1.16: Spectra of SQ0 calculated with the eight-state model. Left panel: nor-

malized absorption (black) and emission (red) spectra, and excitation anisotropy

(green). Right panel: 2PA spectrum. Model parameters: η = 1.05 eV, τ = 1.03 eV,

τ ′ = 0.75 eV, k = −0.42 eV, β = 0.38 eV, εv = 0.1 eV, ωv = 0.17 eV, µx
0 = 4.0 D,

µy
0 = 28.0 D, γ = 0.045 eV. We set εor = 0.01 eV for toluene (absorption, emission

and 2PA spectra) and εor = 0.1 eV for polytetrahydrofuran (anisotropy). Aster-

isks mark transition energies obtained from the diagonalization of the electronic

problem.

Spectra of SQ0 obtained with the eight-state model are collected in Fig-

ure 1.16. Calculations were performed in solution with different values of

the orientational relaxation energy (εor = 0.01 eV for toluene and 0.1 eV

for polytetrahydrofuran). Asterisks on the panels indicate the transition

energies obtained from diagonalization of the electronic Hamiltonian. Only

six states were found inside the experimental spectral range, while the tran-

sition towards the highest (Ag) excited state was predicted below 210 nm.

The best fit was obtained for negative k, i.e. for |Z1〉 and |Z2〉 having low

energy with respect to the other four zwitterionic states.

Linear absorption and emission spectra are well reproduced by the model

in terms of position and bandshapes. In the OPA spectrum we accurately

retrieve the main absorption peak at λ ≈ 640 nm, due to a B2u state, and

also the weak peak at λ ≈ 380 nm, ascribed to the other B2u state. The

intensity of the latter transition is however slightly overestimated compared

to experiment. The remaining state that should be active in OPA, B3u, is

found on the red side of the secondary absorption band and has a lower

oscillator strength, making it invisible in the absorption spectrum.

Conversely, the transition towards the very same B3u state, polarized

along x, is responsible for the narrow anisotropy dip at λ ≈ 425 nm. Aniso-
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tropy returns back to 0.4 in the region corresponding to the secondary OPA

peak, that has y polarization, in very good agreement with experiment.

Concerning 2PA, the most intense band peaks at λ ≈ 370 nm, outside

the spectral range accessed in the experiment. It corresponds to an Ag tran-

sition, whose red-edge tail adds to the nearby and less intense B1g transition.

Another band, assigned to the lowest-energy Ag transition, spans the region

between 550 and 600 nm, and overlaps with the small contribution at the

vibronic shoulder of the OPA spectrum. Although the shape of the 2PA

spectrum is quite accurate, and transition energies are well reproduced, the

cross-section of the shoulder at λ ≈ 400 nm is underestimated by one order

of magnitude. At the same time, the intensity of the low-energy 2PA band

is considerably overestimated, with σ ≈ 2.5 × 104 GM, compared to the

experimental σ ≈ 600 GM.

Six-state versus eight-state model

We are now in the position to summarize and compare the performance of

the two models introduced in this section.

Both of them are accurate in the description of the shape and position of

the main OPA band, assigned to a B2u transition. Indeed, all first principle

methods tested on SQ0 agree with this assignment [187]. The emission

spectrum is also nicely reproduced by the two models, which are consistent

in the description of the shape and the small Stokes shift.

The performance of the two models is however very different as far as

anisotropy and 2PA are concerned. Both of them assign the experimental

dip in excitation anisotropy to a transition towards a B3u state, polarized

along the short molecular axis and hence perpendicular to the main OPA

band. This state coincides with the |Z+−〉 basis state and, according to

both methods, is degenerate with a B1g state, bright in 2PA. However, the

six-state model fails in the description of excitation anisotropy, predicting a

dip too wide compared to experiment. Moreover it fails in the description of

the weak OPA band in the UV, predicting the wrong polarization. On the

opposite, the eight-state model was found to be more accurate in reproducing

both anisotropy and linear absorption in the high-energy region. According

to the eight-state model, the secondary OPA band is due to a B2u state not

included in the six-state model.
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Concerning anisotropy and OPA, a few questions may arise on the as-

signment of the spectral features by the eight-state model. According to first

principle calculations on SQ0 reported in Ref. [187], many methods agree

with our model in predicting the degeneracy of the B3u and B1g states,

however there are large uncertainties concerning their location. Some meth-

ods locate them outside the experimental spectral window (> 4 eV), ruling

out their involvement in anisotropy. Nonetheless, in [187] calculations were

performed in gas phase, so that interactions with the solvent may stabilize

the B3u state to lower energies. Although in our models it has an electronic

origin, the vibronic origin of the anisotropy dip could be an alternative and

effective hypothesis, but cannot be either definitively confirmed or excluded

by our results.

Indeed, a B2u state could be responsible for the weak OPA band, as in

the eight-state model. However, the main drawback of this model is that it

only describe CT transitions, while some high-energy transitions could be

instead localized on the donor moieties.

Concerning 2PA, the addition of the |ZZ〉 state is effective in improving

the agreement with experiment in the high-energy side of the spectrum. The

six-state model compares well with experimental data and gives a balanced

description of band position and intensity. The main 2PA bands in the UV

were assigned to two Ag states, as predicted by other methods [187], and

have doubly-excited character. Conversely, the eight-state model performs

poorly. Not only the absolute intensities are incorrect, but an additional

Ag state is predicted at low energy, that does not have a theoretical or

experimental counterpart.

From the computational point of view, addition of more basis states

implies the increase of the number of model parameters. While only two

parameters enter the electronic Hamiltonian in the three-state model, three

parameters are needed in the five-state model, four in the six-state model

(η, τ , τ ′ and β), five in the eight-state model (η, τ , τ ′, β and k). Moreover,

the number of parameters is expected to increase when the symmetry of the

system is lowered, requiring more specific strategies for the parametrization.

As more states are included, the greater is the level of detail that can

be achieved in the modelling of the spectra. However, the states become

highly correlated and it is difficult to disentangle the effect of each single
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parameter. Adding many states is against the spirit of ESMs, and the risk

is the overproliferation of degrees of freedom, resulting in complex models

difficult to parametrize and analyze, and leading to unrealistic description

of the chromophores.

1.4.2 Core-substituted squaraines

So far we challenged ESMs with the small and highly symmetric structure

of SQ0. In this Section we will deal with more complex yet very interesting

structures belonging to the squaraine family, SQ1 and SQ2 (Figure 1.11).

They are both members of the class of indolenine-based squaraine dyes,

and possess similar molecular structures, however, while SQ1 is a typical

symmetric squaraine [217], in SQ2 one Oxygen atom of the squaric core

was substituted with a dicyanovinyl group, a strong electron acceptor [207].

The COOH groups on the indole moieties, designed as anchoring groups to

the semiconductor in OPV cells, are intrinsically electron withdrawing, but

it was demonstrated that their effect is limited to a red shift of the main

absorption band by a few nm [204,206]. Dyes were synthesized and provided

by Dr. Nadia Barbero and Prof. Claudia Barolo from University of Torino,

Italy.

Functionalization of the central group with a bulky substituent forces the

molecule to adopt a cis conformation [204,210,211], blocking conformational

motion and preventing isomerization. Diffraction studies on a few core-

substituted squaraines revealed that they adopt planar structures in which,

due to steric hindrance, the indoles point to opposite sides with respect to

the substituent, creating enough space to host the long alkyl chains linked

to the Nitrogen atoms [211]. It is well-known that this kind of substitution

affects the spectroscopic properties of the dye, promoting a red shift of the

main absorption peak, and the appearance of one (or more) bands in the

UV, which are absent in non-substituted analogues [201,203–210].

While some reports relate these bands to the substituent [182, 203, 207,

214], this phenomenon was never addressed in detail neither from the exper-

imental nor from the theoretical point of view. In this Work we attempted

a more in-depth study of the effect of core-substitution, starting from a de-

tailed spectroscopic investigation of SQ2 (SQ1 will serve as a reference)

and then undertaking, for the first time, theoretical modelling with ESMs.
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Spectroscopic characterization of SQ1 and SQ2

The target squaraines were characterized in different solvents, spanning a

wide polarity range. Linear absorption and emission spectra are shown in

Figure 1.17 (a-d), while main spectroscopic data are summarized in Ta-

ble 1.4.

SQ1 features the typical cyanine-like OPA band at λ ≈ 650 nm, and a

very weak absorption below 400 nm. The narrow emission band peaks at

λ ≈ 660, with a quantum yield ≈ 40% in toluene which decreases in more

polar solvents. Emission lifetimes are in between 1 and 2 ns in all the solvents

considered, in agreement with literature data [217]. Solvent polarity plays

a minor effect both on absorption and emission spectra. The corresponding

maxima are found within a very narrow spectral range (∼ 10 nm-width) and

the small shifts can be justified by differences in the refractive index of the

solvents.

Absorption and emission spectra of SQ2 are broadened with respect to

SQ1 and are red-shifted by more than 40 nm, depending on the solvent.

Moreover, SQ2 features additional absorption signals in the 300-500 nm

region, with a peak at λ ≈ 380 nm and a more flat band between 400 and 500

nm, both absent in SQ1. The emission maximum is found at λ > 700 nm,

with larger Stokes shifts compared to SQ1 which increases with solvent

polarity. Core-substitution marginally affects fluorescence quantum yields,

leading to a slight increase in low-polarity solvents only. A more important

effect concerns emission lifetimes, ranging from ∼ 2 to more than 4 ns [207].

SQ2 absorption and emission are solvatochromic. Specifically, the main

OPA band blue-shifts by 560 cm-1 from toluene to acetonitrile, while no

solvatochromic effects are seen for the band at 385 nm. Also the portion in

the 450-500 nm range is sensitive to solvent polarity, undergoing a blue-shift

similarly to the main band. Emission is subject to negative solvatochromism

as well, with a displacement of the maximum of approximately 440 cm-1 from

toluene to acetonitrile.

Negative solvatochromism indicates a higher polarity of the ground state

compared to the fluorescent state. Indeed, electro-optical measurement per-

formed on a parent dicyanovinyl-substituted squaraine revealed a permanent

dipole moment µg ≈ 4 D, that decreases by ∼ 2 D upon S0 → S1 absorp-
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Table 1.4: Spectroscopic properties of SQ1 and SQ2 in solvents of different po-

larity: absorption and emission maxima (λmax
abs and λmax

em ), Stokes shift (SS), flu-

orescence quantum yields (QY), emission lifetimes (τ). Solvents are labelled as

following: TOL: toluene, CTC: carbon tetrachloride, CHL: chloroform, 2-MeTHF:

2-methyltetrahydrofuran, ACN: acetonitrile, DMSO: dimethyl sulfoxide. The ref-

erence standard for fluorescence quantum yield measurements was cresyl violet in

ethanol at 23°C (QY = 51%). apoorly soluble. bnot measured. cin ACN two

components were found whose amplitudes are reported in brackets.

Compound Solvent λmax

abs /nm λmax
em /nm SS/cm−1 QY/% τ/ns

SQ1

TOL 657 665 183 43 1.76

CTC 652 665 300 -a 1.79

CHL 652 660 186 36 1.89

2-MeTHF 652 660 186 26 -b

ACN 648 657 211 10 0.76[94]; 2.11[4]c

DMSO 659 669 227 24 1.47

SQ2

TOL 720 734 265 48 3.69

CTC 720 735 283 40 4.26

CHL 709 726 330 57 3.52

2-MeTHF 710 725 291 43 - b

ACN 692 711 386 13 1.93

DMSO 699 716 340 25 2.49



1.4. The intriguing case of squaraines 57

0

1

N
o
rm

. 
A

b
so

rp
ti

o
n

TOL
CTC
CHL
ACN
DMSO

400 500 600 700 800
Wavelength / nm

0

1

N
o
rm

. 
E

m
is

si
o
n

400 500 600 700
Wavelength / nm

-0.2

0

0.2

0.4

E
x
ci

ta
ti

o
n
 A

n
is

o
tr

o
p
y

0

1

N
o
rm

. 
A

b
so

rp
ti

o
n

TOL
CTC
CHL
ACN
DMSO

400 500 600 700 800
Wavelength / nm

0

1

N
o
rm

. 
E

m
is

si
o
n

400 500 600 700
Wavelength / nm

-0.2

0

0.2

0.4
E

x
ci

ta
ti

o
n
 A

n
is

o
tr

o
p
y

SQ1 SQ2

(a) (b)

(c) (d)

(e) (f)

Figure 1.17: Optical spectra of SQ1 (left) and SQ2 (right). (a-b) Normalized

absorption and (c-d) emission spectra in solvents of different polarity (TOL: toluene,

CTC: carbon tetrachloride, CHL: chloroform, ACN: acetonitrile, DMSO: dimethyl

sulfoxide). Absorption spectrum of SQ1 in CTC, too noisy because of the low

solubility of the dye, was replaced by its excitation spectrum. (e-f) Excitation

anisotropy in glassy 2-methyltetrahydrofuran at 77 K (dots). Excitation spectra

collected under the same experimental conditions (dashed lines) are shown as a

guide to the eye.
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tion [211]. The same study revealed that core-substituted squaraines, quite

independently of the identity of the donor groups, are close to the cyanine

limit from the side of betaine-like dyes. Crystallographic studies further

supported this finding, giving a low bond-length alternation (BLA) on the

chain connecting the Nitrogen atoms (BLA = 0.02-0.03) [211].

Another interesting property to look at is fluorescence anisotropy (Figure

1.17 (e,f)), which was collected in vitrified 2-methyltetrahydrofuran. Excita-

tion anisotropy of SQ1 amounts to r ≈ 0.25 in the red-edge of the spectral

window and remains flat within the main OPA band. In the 450-500 nm

range the measurement becomes challenging because of small absorption

oscillator strength, however, anisotropy still oscillates around its maximum

value. At λ ≈ 400 nm we found the characteristic dip of squaraines, with

a minimum anisotropy close to 0.05. Anisotropy increases to r ≈ 0.2 at

λ ≈ 380 nm, and then decreases again in the region corresponding to weak

signal(s) in the absorption spectrum.

Anisotropy of SQ2 amounts to 0.25 inside the main absorption band,

and remains flat until λ ≈ 450 nm, on the red-side of the group of high-

energy signals. Anisotropy decreases steeply to r ≈ 0 at λ ≈ 400 nm,

and reaches a negative value (r ≈ −0.1) at λ ≈ 380 nm, corresponding to

the secondary peak in the absorption spectrum. These data suggest that at

least two different transitions contribute to the UV absorption band of SQ2:

one at λ ≈ 455 nm, with the same polarization of the main OPA band, and

another at λ ≈ 380 nm, polarized along the direction of the substituent. The

minimum at which r ≈ 0 could correspond to another transition, forming an

angle of ∼ 54◦ with emission, or could originate from the overlap of the other

two bands. This minimum could, instead, correspond to the dip observed

for SQ1.

We will not investigate 2PA spectra of the squaraines here. 2PA spectra

of structural analogues of SQ1 and SQ2 can be found in the paper by

Ceymann et al. [215], however the acquisition was limited in the range 400-

800 nm, in which 2PA of the two squaraines is very similar, with a weak

peak (σ ≈ 100 GM) at the vibronic shoulder of the main absorption band

and a tail at high-energy, peaking outside the accessible range and is not

informative in our case.



1.4. The intriguing case of squaraines 59

From experiment to the model

Spectroscopic data of the two indolenine-based squaraines invite to the es-

sential-state modelling. We will start from the simplest model, the three-

state model, that is known to be the minimal model working for the descrip-

tion of the basic properties of unsubstituted squaraines like SQ1 [85], but

has never been tested for core-substituted squaraines such as SQ2.

According to the three-state model, squaraines are described as DAD

dyes. To account for the centrosymmetric structure of SQ1, we assumed

a linear arrangement of the donor and acceptor moieties (α = 180◦). Ac-

cordingly, selection rules predict that only the |g〉 → |c〉 transition is OPA

allowed, while |g〉 → |e〉, expected at higher energies, is dark. Therefore,

only the low-energy region of the calculated spectra can be compared to ex-

periment (Figure 1.18). Nevertheless, the model reproduces accurately the

position and shape of the OPA band, as well as the emission spectrum. Nei-

ther absorption nor emission is solvatochromic, according to the nonpolar

nature of the ground and the excited state. Indeed, symmetric squaraines

belong to class II, which includes quadrupolar chromophores not prone to

symmetry-breaking effects.

Parametrization of SQ2 is instead more challenging. We assume a

slightly bent structure (α = 170◦), accounting for the cis conformation in-

duced by core-substitution. This lowers the symmetry of the system, making

|g〉 → |e〉 a bright transition too. However, there is uncertainty about the

location of this transition in the absorption spectrum. For this transition we

expect a polarization perpendicular to the main OPA band, a requirement

that is met for the peak at λ ≈ 380 nm, which is however insensitive to

solvent polarity, as instead would be expected for CT transitions. Another

feature that we want to reproduce is the negative solvatochromism, and we

know that this system is close to the cyanine limit (ρ→ 0.5) [211].

A plausible parametrization of SQ2 is shown in Figure 1.18 (b,d). The

choice of model parameters can be intuitively rationalized from the compar-

ison with SQ1. The parameter η is related to the energy difference between

the resonating forms, and is in general expected to be dependent on the rel-

ative strength of the D/A groups [113]. Substitution with the dicyanoviny-

lene, a strong electron acceptor, increases the electron withdrawing capabil-
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Figure 1.18: Absorption (a-b) and emission (c-d) spectra of SQ1 (left) and SQ2

(right) calculated with the three-state model. For clarity, only the region cor-

responding to the main OPA band is shown. The inset in the SQ2 absorption

spectrum contains a magnification of the secondary OPA peak. Model parameters

for SQ1: η = 0.35 eV,
√

2t = 1.10 eV, ωv = 0.15 eV, εv = 0.11 eV, γ = 0.05 eV,

α = 180◦. Model parameters for SQ2: η = −0.10 eV,
√

2t = 1.35 eV, ωv = 0.15

eV, εv = 0.29 eV, γ = 0.05 eV, α = 170◦. For clarity, spectra of SQ1 are shown for

two solvents only (a nonpolar and a highly polar solvent), and spectra of SQ2 for

only three solvents of different polarity. Values of εor are displayed on the panels

and are in eV.
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ity of the squaric core (A moiety in the model), stabilizing the zwitterionic

structures with respect to the neutral one, hence it is not surprising that the

charge-separated states become more stable than the neutral state (η < 0).

On the opposite, the
√

2t parameter is mostly related to the conjugating

capability of the D − A bridge and increases for higher conjugation. This

parameter is very similar for the two squaraines, as the bridge connecting

the donor moieties with the central site is the same. With the selected values

of η and
√

2t we obtained ρ = 0.53, very close to the cyanine limit.

The parameters ωv and εv depend on the coupled vibrational modes,

which in turn are related to the molecular backbone. The two squaraines

possess the same skeleton, so that the same value of ωv was chosen. The

model only accounts for two vibrational degrees of freedom which takes into

account the average effect of all the coupled modes: probably in SQ2 there

is a higher number of coupled modes, leading to a larger εv.

With this parametrization we got a satisfactory reproduction of the main

OPA band, while the secondary band (|g〉 → |e〉 transition) is predicted at

λ ≈ 320 nm, i.e. blue-shifted by more than 60 nm (0.6 eV) with respect

to the high-energy experimental band(s). Moreover, the relative intensity

of the two bands is underestimated compared to experiment. Only a slight

blue-shift of the absorption spectrum with solvent polarity could be repro-

duced, amounting to ∼ 10 nm (160 cm-1). On the opposite, the calculated

emission spectrum was insensitive to solvent polarity. This behaviour is

related to incipient ground-state symmetry breaking, favoured by polar sol-

vents, locating SQ2 at the boundary between class II and class III.

Making a step further, we also applied the five-state model described in

Ref. [139] to both squaraines.

Spectra of SQ1 calculated with the five-state model are shown in Figure

1.19. With respect to the three-state model, we do not loose in accuracy

concerning the position and shape of the main OPA band, as well as in the

fluorescence spectrum. Also the lack of solvatochromic effects over a wide

polarity range is well accounted for, both in absorption and emission.

The new feature introduced by the five-state model consists in the ability

to describe the short-wavelength region of the spectrum. A weak OPA peak

is found below 400 nm, due to the presence of an OPA transition polarized

along the short molecular axis. This state is also responsible for the decrease
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Figure 1.19: Spectra of SQ1 calculated with the five-state model. (a) Room tem-

perature absorption spectra (black and orange lines) and excitation anisotropy

(turquoise line) calculated in frozen solvent at 90 K. (b) Room temperature emis-

sion spectra. Model parameters: η = 0.78 eV, τ = 0.73 eV, β = 0.70 eV, ωv = 0.15

eV, εv = 0.11 eV, γ = 0.05, µx
0 = 5.4 D, µy

0 = 24.4 D. Absorption and emission

spectra were calculated in a low polarity solvent (εor = 0.1 eV) and a highly polar

solvent (εor = 0.5 eV), while anisotropy was calculated for an intermediate polarity,

to mimic 2-methyltetrahydrofuran (εor = 0.25 eV).

of fluorescence excitation anisotropy from 0.4, inside the main OPA band, to

-0.2 in the UV region. The dip is wide and too deep compared to experiment,

where a positive anisotropy was found. These observations stress the limits

of the five-state model already pointed out in Ref [139] and detailed in the

previous section for SQ0. The main source of deviation from experiment

could be the origin of the anisotropy dip (electronic or vibronic), but also the

nature of the states in the UV, that could be one (or more) states localized

on the donor units.

In order to be applied to SQ2, the five-state model has to be generalized

to account for the nonequivalence of the acceptor groups (Figure 1.20).

A core-substituted squaraine can be described by the general DAA′D

formula, whereA and A′ correspond to the Oxygen atom and the substituent
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of the squaric ring respectively. Five basis states are introduced to describe

this system, a neutral state |N〉 and four charge-separated states. The states

in which the electron resides on the same acceptor site are degenerate, thus,

we have two pairs of degenerate states, |Z1〉 and |Z2〉, with a negative charge

on A, of energy 2η with respect to |N〉, and |Z ′
1〉 and |Z ′

2〉, with a negative

charge on A′, of energy 2η′. The matrix elements τ and τ ′ mix the neutral

state with the zwitterionic states, indicating the degree of hopping from the

donor to the A or A′ site respectively. An additional parameter, β, accounts

for charge resonance between the acceptor sites. On this basis the electronic

Hamiltonian Ĥe can be written as

Ĥe =





















0 −τ ′ −τ −τ ′ −τ
−τ ′ 2η′ −β 0 0

−τ −β 2η 0 0

−τ ′ 0 0 2η′ −β
−τ 0 0 −β 2η





















(1.44)

When A′ = A, i.e. in an unsubstituted squaraine, η′ = η and τ ′ = τ so

that the four zwitterionic states become degenerate and the model collapses

to the one described in Ref. [139]

Exploiting C2v symmetry of the system, the |Z1〉 and |Z2〉 states can

be combined into the symmetry-adapted |Z+〉 = 1
2(|Z1〉+ |Z2〉) and |Z−〉 =

1
2(|Z1〉 − |Z2〉) states of A0 and B0 symmetry respectively. In the same

way |Z ′
1〉 and |Z ′

2〉 give the symmetric combination
∣

∣Z ′
+

〉

= 1
2(|Z ′

1〉 + |Z ′
2〉)

and the antisymmetric combination
∣

∣Z ′
−

〉

= 1
2 (|Z ′

1〉 − |Z ′
2)〉. According to

symmetry, |N〉, |Z+〉 and
∣

∣Z ′
+

〉

are mixed to give the ground state and two

excited states, while |Z−〉 and
∣

∣Z ′
−

〉

give two B0 excited states. All four

electronic transitions are allowed with different polarization, as depicted in

Figure 1.20 (b).

Given the equivalence of the D groups, the absolute value of the y com-

ponent of the dipole moment operator is the same (µy
0) for all the charge-

separated states. On the opposite, we assumed different D−A and D−A′

distances, defining different x components of the dipole moment operators

for the two pairs of degenerate states, µx
0 for |Z1〉 and |Z2〉, and µ′x

0 for |Z ′
1〉

and |Z ′
2〉.

As usual, we introduced two mutually decoupled vibrational coordinates

q1 and q2, describing nuclear motion along the two equivalent molecular
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Figure 1.20: The five-state model for a core-substituted DAA′D squaraine. (a)

Sketch of the five basis states and their dipole moment components. Blue circles

stand for D groups, red and orange circles for A and A′ respectively. (b) Energies

of the electronic basis states (left) and the eigenstates (right), labelled with their

symmetry species. States of the same colour have the same symmetry. All tran-

sitions are active in both OPA and 2PA and are polarized either along the y axis

(blue arrows) or the x axis (black arrows).

arms. The coordinates are characterized by the harmonic frequency ωv and

the vibrational relaxation energy εv. The vibrational Hamiltonian reads:

Ĥv =−
√

2εvωv q̂1
( ∣

∣Z ′
1

〉 〈

Z ′
1

∣

∣ + |Z1〉 〈Z1|
)

−
√

2εvωv q̂2
( ∣

∣Z ′
2

〉 〈

Z ′
2

∣

∣ + |Z2〉 〈Z2|
)

+
1
2

[

ω2
v

(

q̂2
1 + q̂2

2

)]

+
1
2

(

p̂2
1 + p̂2

2

)

(1.45)

Several attempts of parametrization of SQ2 with the five-state model

were unsuccessful. The main issue concerns the simultaneous reproduction

of anisotropy and OPA spectrum in the UV range and solvatochromism.

Chemical intuition suggests that η′ < η, beingA′ a stronger acceptor than A,

as shown in Figure 1.20. Excluding symmetry-breaking effects, the ground

state contains a contribution of the neutral state, giving a dipole moment

that is always lower than the one of the first excited-state, originating from



1.5. Conclusion 65

the mixing of charge-separated states only, always resulting in positive solva-

tochromism. According to anisotropy, the first transition in the 300-500 nm

range should have the same polarization of the main absorption band, i.e.

it should have B0 symmetry. However, the order of the states cannot be

modified, at least for realistic parametrization, and an A0 state is always

in-between the ground-state and the first B0 state, of which there is no

experimental evidence.

The transitions in the 300-500 nm region could instead be localized on

the squaric core. Indeed, the substituent may act as an acceptor with re-

spect to the whole molecule pointing to a completely different electronic

structure. The shape and intensity of this band changes with the nature of

the substituent, further supporting this hypothesis [182,203,209].

Summarizing, our work confirmed that the three-state model provides

a fairly good description of standard unsubstituted squaraines, as far as

absorption and emission spectra are concerned. For these dyes, the five-

state extension allows for a more detailed description, however it requires a

careful interpretation of experimental data and introduces more degrees of

freedom.

Both models are inadequate to describe core-substituted squaraines.

Substitution heavily perturbs the electronic structure of the system bringing

about new issues to solve. For example, it is necessary to distinguish between

CT and local excitations, and eventually to look at structural variations

following photoexcitation. The univocal interpretation of the processes in-

volved is fundamental for developing a suitable, and possibly simple, model.

Indeed, for substituted squaraines, an increase of the basis set dimension

prevents the analytical solution of the problem, resulting in more difficult

parametrization, overproliferation of adjustable parameters and more com-

plex analysis.

1.5 Conclusion

Spectroscopic properties of multipolar dyes in solution are dictated by the

interplay between the intrinsic electronic structure, electron-phonon cou-

pling and medium effects. The understanding of the photophysics of this

class of dyes requires a balanced description of these elements and relies
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on the synergy between experimental techniques and advanced theoretical

models.

Essential-state models, briefly reviewed in the first part of the Chap-

ter, are an effective theoretical tool for the description of multipolar chro-

mophores, combining all the factors mentioned above. ESMs describe optical

properties of fairly large ad complex structures in terms of only a few states,

providing a unifying interpretative scheme. Moreover, in the ESM approach,

the limited number of parameters entering the Hamiltonian can be readily

extracted from experiment and, once fixed, can be used to predict other

properties of interest.

In this Chapter we challenged the ESMs with the description of two

complex chromophoric systems in solution, exploring the strengths and also

the limits of the essential-state approach.

The first system under study was a novel aza-nanographene dye charac-

terized by a butterfly-shaped three-dimensional architecture obtained by the

π-expansion of the electron rich pyrrolo[3,2-b]pyrrole building block. Spec-

troscopic properties of this dye are quite interesting: good emission quantum

yield in a wide polarity range and a pronounced emission solvatochromism,

typical of quadrupolar dyes undergoing excited-state symmetry breaking, in

spite of the lack of electron-withdrawing groups. At the same time, detailed

spectroscopic investigation pointed out that fluorescence emission is almost

completely depolarized for excitation inside the main absorption band(s),

indicating a more complex picture with respect to prototypical quadrupolar

dyes.

A coherent interpretation of experimental data was achieved resorting

to extensive theoretical analysis based on two complementary theoretical

frameworks: TDDFT and ESMs. TDDFT analysis disclosed the under-

lying quadrupolar nature of the dye, in which the PP acts as electron

donor towards the peripheral wings. It also demonstrated the presence

of a symmetry-broken first excited state, responsible for emission solva-

tochromism, identifying the dye as a class I quadrupolar chromophore, in

spite of its unique structure.

The complexity of the absorption spectrum and excitation anisotropy

was fully rationalized as a consequence of the proximity of CT and lo-

calized excited states with different polarization and oscillator strengths.
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The intense localized transitions dominate absorption and anisotropy, while

CT transitions, because of their low oscillator strengths, are hidden in the

absorption spectrum but are responsible for intense emission and solva-

tochromism. Moreover, the fluorescent CT state could mix with nearby

intense localized excitations, borrowing emission intensity from them.

These observations were confirmed by the fact that it was possible to

isolate CT transitions in the experimental data, and reproduce quantita-

tively their features with a simple ESM, accounting for only three states

(three-state model), as for typical ADA quadrupolar dyes.

These results open a new perspective in the design of heterocyclic nano-

graphenes, exploiting the charge polarization induced by the electron-richness

of the PP moiety. This dye is also an example of the combination between a

quadrupolar character, generating solvatofluorochromism, and an extended

π-structure originating several intense overlapping transitions leading to a

wide absorption range from the UV to the visible spectrum.

The last part of the Chapter was devoted to the well-known family of

squaraine dyes. In spite of their long history, the understanding of their main

spectroscopic properties is still debated. Theoretical modelling of squaraines

with standard (TD)DFT is limited by their biradicaloid character, which is

the source of large inaccuracies. On the other hand, high-level first principle

methods are time-consuming, and to date, are unsuitable for the size of the

majority of structures.

In this context, ESMs are promising candidates for the theoretical study

of this dye family. Indeed, a simple three-state model was adequate for the

description of the main optical properties of squaraines, including the main

OPA band, the intense 2PA band and emission spectra, and was effective

in explaining the lack of solvatochromism, due to the absence of symmetry-

breaking phenomena.

This simple model has however some limits, concerning the detailed de-

scription of optical spectra, including the fine structure of the 2PA spectrum

and the accurate description of excitation anisotropy, and more recently a

five-state model was proposed, describing a squaraine like a DA2D dye.

Here, we extended the three-state and five-state pictures, with the aim of

achieving a more detailed and sound description of squaraine dyes. We pro-

posed two different ESMs, which account for the inner degree of freedom of
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the squaric ring, namely a six-state and an eight-state model. Both models

were tested against literature data on a simple aniline-based squaraine, how-

ever, in spite of some improvements, none of them provided an exhaustive

description of the spectroscopic properties.

We also addressed, for the first time, the extensive spectroscopic inves-

tigation and essential-state modelling of a core-substituted squaraine. The

key features arising from substitution of the squaric core are the appearance

of a set of absorption signals in the UV, and a negative solvatochromism

of absorption and emission bands, indicating a polar ground state. These

features could not be reproduced by the standard three-state model, so that

also the five-state model was tested, that was redefined to account for dif-

ferent A groups (DAA′D).

The failure of the modelling has mostly to be related to the complex elec-

tronic structure of squaraines, that cannot be fully captured by the standard

essential-state approach. The complexity increases in the high-energy region

of the spectrum, where CT and localized excitations may be close in energy,

and significant mixing of the relevant states may occur, reducing the CT

character of the states. Moreover, the origin of the characteristic dip in

the excitation anisotropy spectrum was not clarified and needs confirmation

from experiment or other reliable theoretical models.

Besides these issues applying to the entire family of squaraine dyes, other

questions have to be solved for core-substituted dyes, in which substitution

substantially affects the charge distribution of the molecule pointing to a

more complex scenario. Also in this case, further extensive and systematic

spectroscopic investigation on a wider variety of molecules with different

substituents are highly desirable to focus on the key phenomena involved.

Nevertheless, the study proposed herein provided a focus on squaraine

spectroscopy, disclosing all the critical points in the modelling of this inter-

esting family of chromophores. Moreover, these results do not undermine

our confidence in the three-state model concerning the ability to describe

the main CT-related properties of squaraine dyes, but rather claims for more

in-depth investigation.



Chapter 2

Interacting chromophores:

models and spectroscopy

2.1 Introduction

Optical properties of molecular materials depend crucially on intermolecu-

lar interactions. The occurrence of inter- and supramolecular interactions

is responsible for the formation of aggregates, namely dimers, multichro-

mophores, clusters and crystals, and may give rise to unique responses which

cannot be achieved from isolated (solvated) molecules [218–222]. Cooper-

ative and collective effects depend on the mutual orientation and distance

of the molecular units, and the unfavourable molecular packing may be

detrimental for the device performance [219, 222–225]. Thus, the design of

smart molecular materials requires the simultaneous control over two dif-

ferent aspects: the chemical structure of the chromophoric units and their

supramolecular organization [26,226].

From the chemical point of view, the molecular backbone of the chro-

mophore can be optimized through the choice of the building blocks and

the type of linkers, tailoring orbital energies and molecular conformation

[37, 227–230], while the spatial arrangement of the dyes may be controlled

by the insertion of suitable scaffolds or through self-assembly governed by

chemical substitution and/or the choice of external conditions, such as tem-

perature or solvent [231–238].

69
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Quantum chemical models relating the optical properties of aggregates

to their supramolecular architecture are fundamental for the full knowledge-

based exploitation of the nonadditive behaviour of supramolecular assem-

blies for the design of materials and devices [239].

A popular model for the description of the optical properties of molecular

aggregates is the so-called excitonic model, which represents the intermolec-

ular interactions as electrostatic interactions between transition dipole mo-

ments of the monomeric units [81,240]. The excitonic picture well describes

typical changes of the optical properties following aggregation, such as the

splitting or the shift of the absorption bands, as well as the enhancement or

suppression of fluorescence [56].

However, the validity of the excitonic model is limited to aggregates

of nonpolar and hardly polarizable molecules. Indeed, polar molecules are

characterized by fairly large permanent dipole moments in the ground as

well as in the excited states, which can interact via electrostatic forces of

the same order of magnitude, or even larger, than their excitation ener-

gies [44, 45, 241]. A polarizable molecule in a cluster feels the electric field

generated by the neighbouring molecules and readjusts its polarity in a feed-

back mechanism, a phenomenon known as mean-field effect. The mean-field

effect is responsible for the cooperative behaviour of the aggregate, and

adds to the effects of the excitonic coupling, therefore it has to be carefully

considered when dealing with supramolecular assemblies of multipolar (and

polarizable) chromophores [46,61,242,243].

In this Chapter we will give an overview both at the theoretical and

experimental level of the effect of intermolecular interactions on the spec-

troscopy of molecular materials, through the presentation of selected case

studies on systems of different complexity.

After a short introduction to the excitonic model, we will describe the

detailed TDDFT investigation of a model dimeric structure obtained by

covalent bonding of two N-substituted naphthalimides, which, due to its

electronic structure, can be satisfactorily rationalized based on the excitonic

scheme.

Moving on, we will address the effect of aggregation on phosphorescence

of molecular materials based on polar chromophores, which cannot be un-

derstood without properly considering mean-field effects.
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Finally, we will present an experimental work investigating the intrigu-

ing self-aggregation behaviour of a family of near-IR emitting multipolar

dyes decorated with alkyl chains, highlighting the interplay between chemi-

cal substitution, solvation and mechanical effects on molecular packing and

optical properties.

2.2 The excitonic model

Suppose a collection of identical molecules, each one behaving like a two-

level system, i. e. described by the ground state |g〉 and an excited state |e〉,
separated by the energy E = ~ω0 (Figure 2.1 (a)). In a dilute solution we

can assume the lack of intermolecular interactions and we expect only one

peak in the absorption spectrum centered at ω = ω0, corresponding to the

|g〉 → |e〉 transition.

If we increase the concentration of the solution, the molecules will start

experiencing intermolecular (Van der Waals) forces, which will induce the

formation of aggregates. For now we will consider the simplest aggregate:

a dimer of equivalent species, each one described by the two-level picture

introduced above. For convenience we label the two molecules with numbers

1 and 2, and we assume that their transition energy is ω0 (~ = 1). We also

assume that their transition dipole moments, −→µ 1 and −→µ 2, are of the same

magnitude and are oriented in the aggregate to form an angle α.

This two-molecule system is described via four basis states which, in the

absence of intermolecular interactions, coincide with the eigenstates: the

ground state |gg〉, describing both molecules in the |g〉 state, two degenerate

state at energy ω0, |eg〉 and |ge〉, describing one molecule in the ground

state and the other in the excited state, and the state |ee〉, of energy 2ω0,

describing both molecules in the excited state (Figure 2.1 (b), middle panel).

The interaction between the molecules is responsible for the mixing of the

basis states. As a first approximation, the intermolecular interactions can be

regarded as a weak perturbation, so that the only relevant mixing is the one

between the degenerate states |eg〉 and |ge〉. The eigenstates of the coupled

system, |+〉 and |−〉, are given by the following linear combinations [56]:

|±〉 =
1√
2

(|eg〉 ± |ge〉) (2.1)
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and their energy is

E± = ω0 ± J (2.2)

where J is the interaction matrix element J = 〈eg| V̂ |ge〉. V̂ is the Hamilto-

nian describing the electrostatic interaction and, within the dipole approx-

imation, it is proportional to the interaction between the transition dipole

moments of the molecules. The states |+〉 and |−〉 are called monoexci-

tonic states, since they describe a single excitation delocalized over both

molecules.

The dipole moment operator M̂ of the dimer reads M̂ = −→µ 1 + −→µ 2. It

follows that the transition dipole moments relevant to the |gg〉 → |+〉 and

|gg〉 → |−〉 transitions, µgg+ and µgg−, are

µgg± = 〈±| M̂ |gg〉 =
(−→µ 1 ±−→µ 2)√

2
(2.3)

Thus, in the absorption spectrum of the aggregate we expect two bands,

separated by a 2|J | energy gap, whose relative intensity depends on the

angle α, i. e. on the geometrical arrangement of the molecules:

I+

I−
=

(

1 + cosα
1− cosα

)2

(2.4)

The transition towards the |ee〉 state is instead forbidden.

We will now focus on two specific geometries of the dimer, as sketched in

Figure 2.1 (b). In a face-to-face arrangement of the chromophores (left panel

of Figure 2.1 (b)), the transition dipoles are parallel (α = 0) and only the

symmetric monoexcitonic state |+〉 can be populated in absorption, while

|−〉 is dark. Thus, the absorption spectrum of the aggregate features a single

signal at higher energy compared to the isolated molecule. Aggregates whose

absorption is shifted at higher frequency with respect to the constituting

monomers are usually called H-aggregates [244, 245]. These aggregates are

poorly fluorescent, since after photoexcitation they quickly relax towards

the lowest excited state |−〉, which is dark.

Conversely, when the molecules are arranged in a head-to-tail geometry

(α = 180◦, right panel of Figure 2.1 (b)), only the |−〉 state can be accessed

upon absorption, while |+〉 is dark. In this case aggregation is responsi-

ble for a red-shift of the absorption spectrum, and aggregates are usually

called J-aggregates [246, 247]. Intense fluorescence emission characterizes
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Figure 2.1: The excitonic model. (a) A two-level model for the monomer. (b)

Excitonic model for a dimer: unperturbed states (middle) and eigenstates of the

coupled system (left and right panels). The intermolecular interactions described

by the coupling J induce a splitting of the degenerate basis states |eg〉 and |ge〉 into

the monoexcitonic states |+〉 and |−〉 at energies ω0 + J and ω0 − J respectively.

In the limiting case of H-aggregates (face-to-face transition dipoles, left), only the

transition at energy ω0 + J is allowed, while the |−〉 state is dark. In the limiting

case of J-aggregates (head-to-tail transition dipoles, right), only the transition at

ω0 − J is allowed, while the |+〉 state is dark.
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J-aggregates, since their lowest-energy state (|−〉) possess a non vanishing

transition dipole moment towards the ground state.

The exciton model for a dimer can be easily extended to a cluster of

N molecules [56]. In this case, diagonalization of the coupled Hamiltonian

yields 2N eigenstates, which can be classified according to the number of ex-

citations shared by the molecules. We will have a ground state, describing

the situation in which all the molecules are in their ground state, N monoex-

citonic states, describing the delocalization of one excitation and forming a

band centered at ω0, 0.5N(N − 1) bi-excitonic states describing two excita-

tions delocalized over the aggregate, forming another band at higher energy

and so on.

Only transitions between neighbouring bands are allowed in linear spec-

troscopy, so that for a system initially in its ground state, only the mo-

noexcitonic band can be populated in (linear) absorption. It can be demon-

strated that only a few monoexcitonic states possess a finite transition dipole

moment and contribute to the absorption spectrum. The position of the

brightest state into the monoexcitonic band depends on the sign of J . For

J > 0 most of the oscillator strength is shared by the states on the top of

the excitonic band, so that a blue-shift of the absorption spectrum is pre-

dicted compared to the monomer and also the fast relaxation towards the

lowest-energy excited states, which is dark and responsible for fluorescence

quenching. This is the case of H-aggregates, as mentioned above. Con-

versely, for J < 0, the largest oscillator strength is associated to transitions

towards the lowest-energy states of the monoexcitonic band, resulting in a

red-shift of the absorption spectrum and also bright emission, which denote

J-aggregation.

2.3 Excitonic interactions in naphthalimide dimers

1,8-naphthalimide (NI) is an attractive electron-deficient building block in

organic chemistry, and its derivatives found widespread applications, for

example as fluorescent probes and anticancer drugs [248]. The properties of

these derivatives can be tuned by proper substitution of the NI moiety, either

at the N -imide site or on the aromatic core, leading to large families of NI-

based materials with different optical and electrochemical behaviour [249].
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For instance, while unsubstituted NIs are characterized by π−π∗ transitions

in the UV, the substitution at the 4-position with electron donating units

promotes the appearance of low-energy CT bands, shifting the absorption

spectrum to the visible or near-IR [250].

Because of their planar structure, most NI-based dyes prepared in the

past decades showed the tendency to form π − π stacks in the solid state

(H-type aggregates), which suppressed emission intensity and posed a seri-

ous limit to their application in light-emitting devices. More recent works

instead demonstrated that the appropriate functionalization of the NI core

could prevent H-type aggregation promoting instead aggregated induced

emission (AIE) behaviour [251]. Moreover, it was found that nonplanar

architectures in which the NI moiety is substituted at the 4-position and

through a single covalent bond with an electron donating aromatic group

tilted with respect to the NI plane are able to form self-assembled structures

capable of stabilizing long-lived CT states [252,253].

Another interesting application of NIs is as fully organic phosphores-

cent materials in optoelectronic devices [254–256]. Also in this case, the

understanding of how the electronic structure of NI is affected by chemical

substitution and supramolecular interactions deserves special attention.

In this Work, performed in collaboration with Prof. Mahesh Hariharan

(Indian Institute of Science Education and Research, Trivandrum, India),

we focused on a dimeric structure obtained by covalent linkage of two iden-

tical NI moieties. This essential architecture will allow to gain a deeper

understanding of the coupling between the NI units as well as the effect of

their geometrical arrangement.

The molecular structures of investigated chromophores are displayed in

Figure 2.2. The two monomers, NI-pr and NI-DIPA, are constituted by a

NI moiety N -substituted with groups of increasing electron donating ability,

respectively propyl (pr) and 2,6-diisopropyl phenyl (DIPA). The correspond-

ing dimers, NINI-pr and NINI-DIPA, are obtained joining two monomers

at the 4-position through a covalent C-C bond. The comparative study be-

tween the four structures in Figure 2.2 allows to simultaneously assess both

the effect of N -substitution and the coupling between the monomers.

While N -substituted NIs have been extensively investigated through

steady-state and time resolved techniques [257–261] and theoretical mod-
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Figure 2.2: Molecular structure of the target NI derivatives: monomers NI-pr and

NI-DIPA and corresponding dimers NINI-pr and NINI-DIPA.

els [256,262,263], to the best of our knowledge, only few reports on dimeric

NI-based systems are available to date [264,265]. In this work we will tackle

the theoretical description of the electronic structure of the target NI-based

dimers, exploring for the first time their triplet manifold.

2.3.1 NI-pr and NINI-pr

Propyl-substituted compounds, NI-pr and its related dimer NINI-pr, have

the same skeleton of NI-DIPA and NINI-DIPA, and are a good start-

ing point to analyze the effects of the covalent linkage between two iden-

tical molecular fragments. Their smaller size, compared to their DIPA-

substituted counterparts, make them easier to attack with TDDFT compu-

tations. Moreover, the low electron-donating ability of the propyl fragment

should exclude its participation in the low-energy photophysics of the dimer,

allowing us to focus on the NI-NI interaction only. Only as the last step we

will consider the effect of substitution with DIPA.

From the experimental point of view, the spectroscopic features of the

propyl-substituted dyes are analogous to those of the related DIPA-containing

compounds (see Subsection 2.3.2), suggesting a similar ground and excited-
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state scenario. In chloroform, the absorption spectrum of the monomeric

species peaks below 350 nm, while absorption of the dimers is red-shifted by

∼ 25 nm (0.2 eV). Emission of NINI-pr, more intense compared to NI-pr,

spans the 400-500 nm spectral window and undergoes a moderate positive

solvatochromic shift from cyclohexane to dimethyl formamide (λmax
em = 407

and 435 nm respectively).

Calculations were performed with the Gaussian16 package [159]. Ground

state calculations were performed at DFT level of theory [155–157], while

excited state properties were computed with its time-dependent extension

(TDDFT) [162–165]. To achieve an accurate description of CT states, all

calculations were performed with the long-range corrected ωB97XD func-

tional [266], together with the 6-31+G(d,p) basis set. Stationary points

were characterized by frequency analysis, and solvent effects were described

according to the PCM approach [160, 267]. Standard equilibrium solvation

was adopted in geometry optimizations, while default nonequilibrium sol-

vation was assumed in the calculation of vertical excitation energies, unless

otherwise stated.

For model compounds NI-pr and NINI-pr all calculations were per-

formed in chloroform. Frontier molecular orbitals (FMOs) of NI-pr are

shown in Figure 2.3 (a). According to our results, the HOMO-LUMO gap

of NINI-pr amounts to 7.5 eV, and the LUMO is well separated (by more

than 2 eV) from the rest of unoccupied orbitals. All FMOs are localized

on the NI moiety, and the propyl chain is involved in low-energy occupied

orbitals only. Therefore, we expect a marginal effect of the alkyl substituent

on the low-energy spectroscopy of NI-pr.

Vertical excitation energies obtained from TDDFT calculations are col-

lected in Table 2.1. The most intense transition (f = 0.410), the S0 → S1

transition, is predicted at 3.9 eV and is polarized along the C2 axis of the

NI. This transition has mainly (98%) a HOMO → LUMO character and is

localized on the NI moiety. Another weakly allowed transition, the S0 → S2

transition, is predicted at 4.2 eV, has a dominant contribution (82%) from

HOMO-1 → LUMO, and is localized on the NI group as well.

Inspection of the FMOs and the density difference plots provided in

Figure 2.4 (a) suggest that both the aforementioned transitions are π−π∗ in

nature, as well as S0 → S5 and S0 → S6. Conversely, S0 → S3 and S0 → S4,
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Figure 2.3: Frontier molecular orbitals (FMOs) of (a) NI-pr and (b) NINI-pr.

Energies and contour plots (isovalue 0.02) calculated at DFT level (ωB97XD/6-

31+G(d,p)) in chloroform.
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Table 2.1: The lowest-energy S0 → Sn transitions of NI-pr and NINI-pr: transi-

tion energy and wavelength, oscillator strength (f) and main excitations calculated

at TDDFT level (ωB97XD/6-31+G(d,p)) in chloroform. Data in italic were ob-

tained with state-specific solvation.

NI-pr

Sn Energy/eV Wavelength/nm f Type (> 20%)

S1 3.931 (4.004 ) 315.4 (309.6 ) 0.410 H → L (98%)

S2 4.249 (4.233 ) 291.8 (292.9 ) 0.092 H-1 → L (82%)

S3 4.433 (4.471 ) 279.7 (277.3 ) 0.000 H-3 → L (82%)

S4 4.748 (4.784 ) 261.1 (259.2 ) 0.010 H-4 → L (60%)

S5 5.005 (4.979 ) 247.7 (249.0 ) 0.034 H-2 → L (58%)

S6 5.510 (5.583 ) 225.0 (222.1 ) 0.153 H → L+1 (26%)

H → L+2 (46%)

NINI-pr

Sn Energy/eV Wavelength/nm f Type (> 20%)

S1 3.793 (3.864 ) 326.9 (320.9 ) 1.095 H-1 → L+1 (32%)

H → L (65%)

S2 3.970 (4.036 ) 312.3 (307.2 ) 0.002 H-1 → L (48%)

H → L+1 (48%)

S3 4.230 (4.221 ) 293.1 (293.7 ) 0.103 H-3 → L+1 (32%)

H-2 → L (48%)

S4 4.243 292.2 0.062 H-3 → L (40%)

H-2 → L+1 (39%)

S5 4.400 281.8 0.000 H-7 → L+1 (39%)

H-6 → L (42%)

S6 4.400 281.8 0.000 H-7 → L (40%)

H-6 → L+1 (39%)
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Figure 2.4: Density difference plots for the six lowest-energy singlet transitions

of (a) NI-pr and (b) NINI-pr computed at TDDFT level in chloroform. Upon

excitation, electron density moves from the regions in purple to the regions in blue.

also localized on the NI moiety, possess a prominent n−π∗ character, as they

involve the lone pairs on the Oxygen atoms. The alkyl group participates in

S0 → S5 only, which has a low oscillator strength and mainly LE character,

as evinced from density difference plots. We also remark that state-specific

corrections [166] have a small effect (< 0.07 eV) on the estimated transition

energies, as expected for LE transitions.

In the optimized ground state geometry of NINI-pr, the two NI moi-

eties are tilted by ∼ 73◦ because of the steric repulsion between the hydrogen

atoms on the naphthalene subunits. FMOs of NINI-pr are provided in Fig-

ure 2.3. In the energy diagram, the FMOs are distributed in pairs, and each

pair is constituted by the in-phase and out-of-phase combinations of the

same NI-pr orbitals. Indeed, the orbitals of NI-pr are only slightly dis-

torted in NINI-pr, indicating that the coupling of the NI moieties is weak,

as due to the almost orthogonal arrangement of the monomeric subunits. In

more detail, the combination between HOMO-1 orbitals of NI-pr originates

HOMO-2 and HOMO-3 of NINI-pr, the combination of NI-pr HOMOs
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Figure 2.5: Energy scheme of NINI-pr orbitals (middle) and two equivalent NI-

pr molecules. Degenerate NI-pr orbitals combine into pairs of NINI-pr orbitals.

Subscripts 1 and 2 denote the two molecules in the dimer.

originates HOMO and HOMO-1, and the combination of NI-pr LUMOs

originates LUMO and LUMO+1, as sketched in Figure 2.5.

TDDFT results on NINI-pr are collected in Table 2.1. The highest

oscillator strength (f = 1.095) is associated to the S0 → S1 transition,

which is predicted below 3.8 eV, i. e. red shifted by 0.14 eV compared to

NI-pr. The S0 → S2 transition is dark, while a weakly allowed transition

(S0 → S3) is expected at 4.2 eV. Because of the high computational cost, the

energies corrected for state-specific solvation were computed for the three

lowest-energy transitions only, and are in agreement with those obtained

with default nonequilibrium solvation.

All singlet transitions of NINI-pr are combinations of two electronic

excitations with similar weight. Density difference plots in Figure 2.4 (b)

may help in the identification of their character. Their analysis suggests

that all transitions are combinations of excitations on both NI-pr units

possessing the same character. Indeed, each transition of NI-pr splits into

two equivalent transitions in NINI-pr: S0 → S1 and S0 → S2 NINI-pr

correspond to a S0 → S1 transition on each NI-pr unit, S0 → S3 and

S0 → S4, almost degenerate, correspond to a S0 → S2 transition on each

NI-pr, while S0 → S5 and S0 → S6 correspond to S0 → S3 on isolated

NI-pr.



82 Chapter 2. Interacting chromophores: models and spectroscopy

Figure 2.6: Optimized geometry of NINI-pr in the ground state (left) and first

excited state (S1, right). Dipole moments are shown as blue vectors. The angle

between the NI moieties is decreased in the relaxed excited state.

These results support a purely exciton model for NINI-pr. The head-

to-head arrangement of the NI-pr units induces the J-coupling between

them [265]. The S0 → S1 transition dipole moments of the two NI-pr

molecules, aligned along the direction of the C-C bond connecting them,

originates a splitting into a lower-energy transition (S0 → S1) with a three-

fold enhanced oscillator strength, and a higher-energy transition (S0 → S2)

which is dark. The effect is a red shift of the absorption spectrum of NINI-

pr compared to NI-pr.

Significant geometrical rearrangements occur during the relaxation of

NINI-pr in the first excited state. The main modifications concern the

angle between the NI moieties, decreasing from 73.35◦ in the ground state

to 41.96◦ in the relaxed S1 state, leading to a more planar structure (Fig-

ure 2.6). At the same time, the length of the bond connecting the two sub-

units decreases from 1.49 to 1.43 Å, indicating an increase of conjugation

between the monomers. Moreover, NI groups slightly deviate from planarity

in relaxed S1 state. The permanent dipole moment of NINI-pr amounts to

0.296 D in the ground state and increases to 0.406 D in the relaxed excited

state.

The large structural modifications in the excited state justify a size-

able Stokes shift in mildly polar solvents. Indeed, emission is predicted at
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3.10 eV (399.4 nm) with nonequilibrium solvation, and is mainly (95%) a

HOMO ← LUMO transition, where the orbitals are only slightly distorted

with respect to the ground state.

2.3.2 NI-DIPA and NINI-DIPA

Steady-state spectra of DIPA-substituted dyes collected in chloroform are

reported in Figure 2.7 (a). NI-DIPA features a well resolved absorption

band in the region between 300 and 350 nm peaking at λ = 335 nm. Ab-

sorption of NINI-DIPA is red-shifted by ∼ 25 nm (0.2 eV) and spans the

300-400 nm region (λmax
abs = 359 nm).

Emission of NI-DIPA is too weak to be estimated (typically QY ≤ 3%

for alkyl N -substituted NIs [268]), conversely, NINI-DIPA is character-

ized by brighter emission, with fluorescence quantum yields amounting to

14% in toluene, 15% in chloroform and 39% in acetonitrile. It also features

sub-nanosecond fluorescence lifetimes (0.85 ns) in toluene and chloroform

and 1.71 ns lifetime in acetonitrile. Fluorescence emission occurs between

400 and 500 nm, and, contrary to absorption, is sensitive to solvent po-

larity. The emission maximum is red-shifted by ∼ 50 nm (0.2 eV) from

nonpolar cyclohexane to more polar dimethyl formamide, and experiences

concomitant band broadening. Large Stokes shifts are found in mildly polar

solvents, e. g. 3800 cm-1 in chloroform. NINI-DIPA is also characterized

by good triplet quantum yield (45%), estimated relative to the standard

[Ru(bpy)3]Cl2 with the method of triplet-triplet energy transfer towards β-

carotene [269,270].

TDDFT results: singlet states

Geometry optimization and TDDFT calculations of NI-DIPA and NINI-

DIPA were performed in chloroform and acetonitrile, a mildly and strongly

polar solvent respectively. However, geometrical parameters and TDDFT

results are barely affected by solvent polarity and in the following we will

focus on results in chloroform only, to get a direct comparison with experi-

ment.

When NI-DIPA is in its ground state, the NI and DIPA moieties lie

on almost perpendicular planes, due to steric hindrance provided by the
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Figure 2.7: Optical spectra of NI-DIPA and NINI-DIPA in solution. (a) Ab-

sorption spectra of NI-DIPA and NINI-DIPA (continuous lines) and emission

spectrum of NINI-DIPA (dashed line) in chloroform. (b) Emission spectrum of

NINI-DIPA in solvents of different polarity (CHX: cyclohexane, TOL: toluene,

THF: tetrahydrofuran, EAC: ethyl acetate, ACN: acetonitrile, DMF: dimethyl for-

mamide).

isopropyl groups on the DIPA (Table 2.2). The length of the bond connecting

the NI to the DIPA (1.4 Å) is close to the typical length of a single C-N bond.

This should reduce the conjugation between the two fragments, disfavouring

intramolecular CT.

FMOs of NI-DIPA can be localized on the NI moiety, on the DIPA,

or both of them (Figure 2.8 (a)). As for NI-pr, the HOMO-LUMO gap of

NI-DIPA amounts to 7.5 eV, however, while the LUMO has the same shape

and is localized on the NI, the HOMO, as well as HOMO-1, is delocalized

over the whole molecule.

TDDFT results are summarized in Table 2.3. The brightest transition

of NI-DIPA is the S0 → S1, predicted at ∼ 3.9 eV as for NI-pr, and blue

shifted by ∼ 0.4 eV (35 nm) with respect to the experimental absorption.

This transition corresponds to a combination with similar weights of two

excitations, HOMO-1 → LUMO (42%) and HOMO → LUMO (54%) and

is polarized along the direction of the C-N bond connecting the DIPA to

the NI. In order to get a more readable picture of the transition character

we generated the electron density difference plots in Figure 2.9 (a), from

which it emerges that the redistribution of electron density occurring upon

the S0 → S1 process is confined on the NI group, making this transition a

local excitation, as for NI-pr. Indeed, HOMO-1 and HOMO of NI-DIPA
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Table 2.2: Geometrical parameters and dipole moment (µ) of the ground state (S0)

and relaxed excited states of NI-DIPA and NINI-DIPA computed in chloroform

at ωB97XD/6-31+G(d,p) level of theory. δNI−DIP A: dihedral angle between the

plane of NI and the plane of DIPA; dNI−DIP A: length of the C-N bond connecting

NI to DIPA; δNI−NI : dihedral angle between the NI planes of the two monomers;

dNI−NI : length of the C-C bond connecting the NI units. aThe S1 geometry of

NINI-DIPA was optimized with TDA. bNot calculated.

NI-DIPA

S0 S1 S5 T1

δNI−DIP A/deg 89.60 89.54 72.88 89.72

dNI−DIP A/Å 1.44 1.44 1.42 1.44

µ/D 5.95 7.71 10.40 6.36

NINI-DIPA

S0 S1
a S5

b T1

δNI−NI /deg 73.52 40.42 − 63.94

δ1
NI−DIP A/deg 90.86 91.05 − 90.61

δ2
NI−DIP A/deg 89.35 90.75 − 90.71

dNI−NI /Å 1.49 1.43 − 1.48

d1
NI−DIP A/Å 1.44 1.44 − 1.44

d2
NI−DIP A/Å 1.44 1.44 − 1.44

µ/D 0.436 0.547 − 0.754
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Figure 2.8: Frontier molecular orbitals (FMOs) of (a) NI-DIPA and (b) NINI-

DIPA. Energies and contour plots (isovalue 0.02) calculated at DFT level

(ωB97XD/6-31+G(d,p)) in chloroform.



2.3. Excitonic interactions in naphthalimide dimers 87

are characterized by the same phase on the NI group and opposite phase on

the DIPA, cancelling out the contribution of DIPA to excitation.

The S0 → S2 transition is allowed with a lower oscillator strength, is

predicted at 4.26 eV (291 nm) and possess a LE character as well. From the

plots in Figure 2.9, we recognize that the first two transitions are π − π∗

in nature, while the third and the fourth are n − π∗, matching with the

corresponding lowest-energy transitions of NI-pr. Conversely, S0 → S5

and S0 → S6 transitions of NI-DIPA possess a marked intramolecular CT

character from the electron-rich DIPA to the electron withdrawing NI.

As expected, the magnitude of state-specific corrections to excitation

energies increases with increasing the CT character of the transitions. While

the energy of the LE transitions is basically independent of the solvation

method, the S0 → S5 transition is stabilized by ∼ 0.8 eV with SS solvation,

i. e. shifted to ∼ 0.1 eV above the SS-corrected S0 → S1 transition. However,

both CT transitions are dark, excluding their contribution to the absorption

spectrum.

The optimized geometry of the first excited state (S1) of NI-DIPA is

almost indistinguishable from the ground-state geometry. Its dipole moment

lies along the C-N direction as in the ground state and becomes larger by

1.8 D (Table 2.2). Indeed, as already pointed out in previous theoretical

studies [262], only the π − π bonding pattern of the Carbon atoms on the

naphthalene subunit is changed going from the S0 to the S1 state, while the

imide moiety remains unaffected.

Conversely, the optimized geometry of the lowest-energy CT state (S5)

is characterized by a twist of the DIPA with respect to the NI plane, yield-

ing a more planar structure. Indeed, the dihedral angle between the two

units is decreased by 17◦ (Table 2.2). At the same time, the length of the

bond connecting NI to DIPA is also slightly decreased, coherently with the

increase of conjugation between the two moieties. The relaxed S5 state is

also characterized by a large dipole moment, almost twice as large as the

ground state’s.

The energy difference between relaxed S1 and S5 states amounts to

∼ 0.9 eV, suggesting that the CT state is not involved in emission. The emis-

sion energy predicted with standard nonequilibrium solvation is 3.402 eV

(364.4 nm), corresponding to a HOMO ← LUMO (95%) de-excitation.
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Table 2.3: The lowest-energy S0 → Sn transitions of NI-DIPA and NINI-DIPA:

excitation energy and wavelength, oscillator strength (f) and main excitations cal-

culated at TDDFT level (ωB97XD/6-31+G(d,p)) in chloroform. Data in italic were

obtained with state-specific solvation.

NI-DIPA

Sn Energy/eV Wavelength/nm f Type (> 20%)

S1 3.933 (3.996 ) 315.2 (310.3 ) 0.461 H-1 → L (42%)

H → L (54%)

S2 4.258 (4.242 ) 291.1 (292.3 ) 0.097 H-3 → L (82%)

S3 4.351 (4.397 ) 284.9 (282.0 ) 0.000 H-4 → L (63%)

S4 4.774 (4.847 ) 259.7 (255.8 ) 0.000 H-6 → L (70%)

S5 4.917 (4.096 ) 252.2 (302.7 ) 0.000 H-1 → L (54%)

H → L (42%)

S6 4.973 (5.575 ) 249.3 (271.0 ) 0.000 H-2 → L (72%)

NINI-DIPA

Sn Energy/eV Wavelength/nm f Type (> 20%)

S1 3.809 (3.410 ) 325.5 (363.6 ) 1.235 H-3 → L+1 (29%)

H-2 → L (23%)

H → L (40%)

S2 3.987 310.9 0.002 H-3 → L (42%)

H → L+1 (30%)

S3 4.245 292.1 0.106 H-7 → L+1 (32%)

H-6 → L (46%)

S4 4.257 291.2 0.064 H-7 → L (40%)

H-6 → L+1 (37%)

S5 4.356 284.6 0.000 H-9 → L (34%)

H-8 → L+1 (30%)

S6 4.356 284.6 0.001 H-9 → L+1 (30%)

H-8 → L (34%)
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Figure 2.9: Density difference plots for the six lowest-energy singlet transitions of (a)

NI-DIPA and (b) NINI-DIPA computed at TDDFT level in chloroform. Upon

excitation, the electron density moves from the regions in purple to the regions in

blue.
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In the ground state of NINI-DIPA the planes of the two NI moieties

are twisted by approximately 74◦, and the bond joining them is a typical

single C-C bond, disfavouring electron transport between the monomers, as

it happens in NINI-pr. The two monomeric units retain the geometry of

the isolated NI-DIPA molecule, with perpendicular NI and DIPA planes

and same C-N bond length (Table 2.2).

FMOs of NINI-DIPA (Figure 2.8 (b)) can be regarded as linear com-

binations of the corresponding NI-DIPA orbitals. In more detail, LUMO

and LUMO+1, separated by 0.14 eV, are the in-phase and out-of-phase com-

binations of NI-DIPA LUMOs, and are localized on the NI groups of the

two equivalent monomers. Occupied orbitals are closer in energy and are

localized either on the NIs (e.g. HOMO-2 and HOMO-5) or on the DIPAs

(e.g. HOMO, HOMO-1, HOMO-3 and HOMO-4). Linear combinations of

orbitals localized on the DIPA moieties (i.e. the pair HOMO/HOMO-1 and

the pair HOMO-3/HOMO-4), which are spatially separated, are almost de-

generate, while combinations of orbitals localized on the NI groups, which

are in close proximity, undergo a splitting amounting to ∼ 0.12 eV for the

HOMO-2/HOMO-5 pair.

Singlet transition energies of NINI-DIPA computed at TDDFT level

are reported in Table 2.3. The brightest transition is predicted at 3.8 eV and

coincides with S0 → S1, as for NINI-pr. The predicted energy is overesti-

mated by ∼ 0.3 eV with respect to experiment when default nonequilibrium

solvation is assumed, while the agreement with experimental data signifi-

cantly improves adopting state-specific corrections. The main transition of

NINI-DIPA is red shifted by 0.12 eV compared to NI-DIPA, in good

agreement with experiment (∼ 0.2 eV).

Inspection of the density difference plots of NINI-DIPA (Figure 2.9 (b))

points out that, as in NINI-pr, the S0 → S1 and the S0 → S2 transitions

originate from the S0 → S1 transition of the monomer, the S0 → S3 and

S0 → S4 transitions originate from the S0 → S2 transition, and the S0 → S5

and S0 → S6 transitions from S0 → S3. None of them possess neither an

intermolecular nor an intramolecular CT character, and the participation of

DIPA is ruled out.

Optimization of the S1 geometry of NINI-DIPA with full TDDFT be-

comes computationally demanding because of the large number of atoms.
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Therefore, we replaced the lenghty full TDDFT optimization with the Tamm-

Dancoff approximation [271]. Calculated geometrical distortions of relaxed

S1 are in agreement with those observed for NINI-pr, as expected by their

structural similarity. In the S1 minimum, the dimer assumes a more planar

conformation, as the dihedral angle between the NI planes is reduced from

73◦ in the ground state to ∼ 40◦ in the relaxed excited state. Within each

monomeric unit, the NI and the DIPA lie on perpendicular planes, as in

the ground state, inhibiting conjugation between the two fragments. As the

geometry rearranges, the dipole moment, pointing perpendicularly to the

direction of the C-C bond joining the monomers, increases by ∼ 0.1 D, and

may contribute to the solvatochromic shift observed in emission. The large

structural variations accompanying excited-state relaxation are also com-

patible with the large Stokes shift experimentally observed also in mildly

polar solvents. Fluorescence emission is predicted at ∼ 3 eV (∼ 410 nm)

with nonequilibrium solvation, in good agreement with experimental data.

In summary, the electronic structure of DIPA-substituted compounds is

very similar to that of their propyl-substituted analogues, notwithstanding

the different electron donating ability of the substituent. Thanks to its

electron richness, the DIPA can be involved in intramolecular CT towards

the electron-deficient NI moiety, however the CT transitions are dark and

they are located at higher energy with respect to π−π∗ excitations of the NI

core, which dominate absorption and emission spectroscopy. N-substitution

of the NI with stronger electron-donating groups may stabilize the CT states,

giving rise to interesting LE/CT interplays [256,263].

The connection of two NIs at the 4-position through a covalent single C-

C bond, independently of the substituent, induces the J-coupling between

the monomers, which are arranged in a head-to-head geometry, and the

S0 → S1 transition of the monomer is split in two transitions, a lower-

energy bright transition with high oscillator strength (approximately three

times the oscillator strength of the monomer), and a dark transition at

higher energy.

TDDFT results: triplet states

Various non-radiative de-excitation mechanisms follow photoexcitation e-

vents. For example, internal conversion (IC) is the non-radiative transition
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between two states of the same multiplicity. Typically IC is effective on fast

timescales, and is the reason behind Kasha’s rule for which when we pho-

toexcite a chromophore, fluorescence usually stems from the lowest (singlet)

excited state.

Conversely, intersystem crossing (ISC) consists in a non-radiative tran-

sition between states with different multiplicity [272]. While IC is a fast

and common spin-allowed process, ISC is spin-forbidden. To achieve size-

able ISC rates, significant spin-orbit coupling us necessary, as induced, for

example, by the presence of heavy atoms such as Br and I, or transition met-

als [273]. However, small purely organic phosphors are highly desirable and

many efforts were devoted in the last years to the synthesis and optimization

of heavy-atom free organic chromophores with efficient ISC ability [274].

The ISC rate kISC can be described by the following equation:

kISC ∝
〈T1| ĤSO |S1〉2
(∆ES1−T1)2

(2.5)

where ĤSO is the spin-orbit coupling Hamiltonian [275] and ∆ES1−T1 is

the energy gap between the states involved in ISC (here we assumed that

ISC occurs from S1 to T1, even if in some cases higher-energy singlet and

triplet states may be involved [276]). Therefore, large spin-orbit matrix

elements and small energy gaps are required to enhance ISC [277]. The

latter requirement is also referred to as the energy gap law [278].

Another qualitative rule is the so-called El-Sayed rule [279], stating

that ISC is enhanced if it involves a change of orbital type, for example
1(π − π∗)→ 3(n− π∗). The 1(π−π∗)→ 3(π−π∗) or 1(n−π∗)→ 3(n−π∗)

transitions are instead disfavoured.

Aromatic carbonyl compounds, that can benefit from closely spaced

n− π∗ and π − π∗ transitions, are prone to ISC, representing promising

all-organic phosphorescent materials [280]. NI derivatives are among the

mostly investigated structures possessing these features as their intersystem

crossing quantum yield can reach unity [281]. It follows that the exploration

of the triplet manifold of NI dimers adds valuable information to our study,

and could pave the way to new applications.

Energies of the S0 → Tn transitions were computed adopting the Tamm-

Dancoff approximation [271] at ωB97XD/6-31+G(d,p) level of theory. Cal-
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Figure 2.10: Natural transition orbitals for the lowest-energy singlet transition

(S0 → S1) and the lower S0 → Tn transitions of NI-DIPA, and corresponding

transition energies. Contribution of each NTO pair is given in brackets. Calcula-

tions performed in chloroform with TDA-TDDFT at ωB97XD/6-31+G(d,p) level

of theory.

culations were performed in chloroform with default nonequilibrium solva-

tion, given the LE nature of the transitions.

To provide a graphical information on the transition character at a low

computational cost, Natural Transition Orbitals (NTOs) [282] were gener-

ated for the first singlet state and the lowest-energy triplet states. Indeed,

NTOs offer a compact and more readable representation of electronic tran-

sitions, in which each transition is collapsed into excitations between one (or

sometimes two) pair(s) of fictitious molecular orbitals called the NTOs. This

representation is particularly useful for the characterization of the excited

states, especially when several excitations are found with similar coefficients

and no one is dominant, as it is our case.

The S0 → T1 transition of NI-DIPA is predicted at 2.7 eV, i.e. the

T1 state lies ∼ 1.4 eV below the S1 state. The transition possesses the
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same π − π∗ nature of S0 → S1, as argued from the corresponding NTOs

(Figure 2.10). S0 → T2 and S0 → T3 are also π − π∗ transitions localized

on the NI, while S0 → T5 is still a π − π∗ transition but is localized on

the DIPA moiety. According to the El-Sayed rule, ISC from S1 to all the

aforementioned triplet states is negligible. Conversely, S0 → T4, as well as

S0 → T6, possess a n − π∗ character, as they involve the lone pairs of the

oxygen atoms on the NI unit, and can thus provide an ISC channel.

ISC is favoured for small singlet-triplet energy gaps (Eq. 2.5). Two differ-

ent energy gaps can be defined [283]. The so-called adiabatic singlet-triplet

energy gap ∆Ead
ST is obtained as the energy difference between the singlet

and triplet states at their equilibrium positions. Due to the computational

cost required by excited-state optimizations, ∆Ead
ST were computed only for

the T1 state. Conversely, the vertical singlet-triplet energy gap ∆Ev
ST is

calculated as the difference between the vertical transition energies from

S0 to the target singlet and triplet states. The energy gap relevant to the

ISC from S1 to T1 of NI-DIPA calculated with the two approaches are in

agreement (Table 2.4).

Spin-orbit coupling matrix elements (SOCMEs) relevant to ISC from the

S1 state towards the lowest-energy triplet states were computed on the S1

optimized geometry with the Orca package [284], adopting the Zero-Order

Regular Approximation (ZORA) for relativistic effects [285], and the TDA.

The ωB97X-D3 [286] functional was adopted together with def2-SVP basis

set [287, 288]. Chloroform was introduced in the calculations with C-PCM

model, as implemented in the Orca code [289].

As expected, the SOCMEs are vanishing for the triplet states having

the same nature (π − π∗) of the S1 state, i.e. T1 and T3 (Table 2.4). Con-

versely, a fairly large coupling is found between the S1 state and the T4

state (> 13 cm-1), which is instead n − π∗. This state is also almost de-

generate with S1, therefore, the S1 → T4 could be the main ISC channel of

NI-DIPA, as demonstrated elsewhere through dynamics simulations on a

parent N-substituted NI [290]. Phosphorescence of NI-DIPA was predicted

at 2.029 eV (611.0 nm), as typical of N-substituted NI derivatives [258].

NINI-DIPA is characterized by closely spaced S0 → Tn transitions.

S0 → T1 and S0 → T2 are predicted at ∼ 2.7 eV, more than 1 eV below

the S0 → S1 transition. Corresponding NTOs (Figure 2.11) are the in-
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Table 2.4: Adiabatic and vertical singlet-triplet energy gaps (∆Ead
ST and ∆Ev

ST re-

spectively) and SOCMEs calculated for NI-DIPA and NINI-DIPA in chloroform

(TDA-TDDFT, ωB97X-D3/def2-SVP). aenergy of S1 computed with TDA.

NI-DIPA

Transition ∆Ead

ST /eV ∆Ev

ST /eV SOCME/cm-1

S1 → T1 1.235 1.411 0.00

S1 → T2 − 0.4941 0.01

S1 → T3 − 0.0939 0.01

S1 → T4 − 0.0818 13.19

S1 → T5 − 0.0017 0.01

S1 → T6 − -0.2989 6.53

NINI-DIPA

Transition ∆Ead

ST /eV ∆Ev

ST /eV SOCME/cm-1

S1 → T1 1.145a 1.2815 0.16

S1 → T2 − 1.2539 0.45

S1 → T3 − 0.3319 0.09

S1 → T4 − 0.3269 0.16

S1 → T5 − 0.0308 0.46

S1 → T6 − -0.0626 0.14

S1 → T7 − -0.0771 5.25

S1 → T8 − -0.0772 9.52

S1 → T9 − -0.1628 0.06
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Figure 2.11: Natural transition orbitals for the lowest-energy singlet transition

(S0 → S1) and the lower S0 → Tn transitions of NINI-DIPA and corresponding

transition energies. The contribution of each NTO pair is given in brackets. Only

one pair is shown for each transition; another pair with similar contribution differs

only for the phase. Calculations were performed in chloroform with TDA-TDDFT

at ωB97XD/6-31+G(d,p) level of theory.

phase and out-of phase combinations of π − π∗ transitions localized on the

monomeric units, matching to the S0 → T1 transition of NI-DIPA. A closer

inspection to the NTOs indicates that each triplet transition of NI-DIPA is

doubled in the dimer and both transitions are degenerate with the monomer

transition. This result is in agreement with the excitonic theory, since triplet

transitions are characterized by vanishing transition dipole moments, and

therefore cannot interact.

SOCMEs of NINI-DIPA are sizable only for the two degenerate states

T7 and T8. Indeed, S0 → T7 and S0 → T8 possess a n − π∗ character and

are localized on the NI (Table 2.4). The small energy gap (< 0.1 eV) makes

S1 → T7−8 possible ISC channels for NINI-DIPA, explaining the sizeable

experimental triplet quantum yield (45%).
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The fact that the lowest-energy triplet state is located almost midway

between the ground state and S1 makes these systems promising candidates

for triplet-triplet annihilation (TTA) applications [291–293]. TTA is one

of the most attracting upconversion strategies, consisting in the population

of an excited state at higher energy with respect to the incident photons.

Some of the advantages of TTA are the low excitation power requirements,

the use of incoherent excitation sources, the high upconversion efficiencies,

and the possibility to exploit the tunability and light-harvesting ability of

organic dyes over a wide spectral range.

The key process of TTA is the collision between two molecules M in the

triplet state, M∗(T1), promoting one of them into the S1 state (M∗(S1)),

while the other returns to its ground state:

M∗(T1) + M∗(T1)→ M∗(S1) + M(S0) (2.6)

This process requires the fullfilment of the following relationship between

the energy levels of M: 2ET1 > ES1 , where ET1 and ES1 are the energies of

the T1 and S1 states, respectively [292].

In NI-DIPA and NINI-DIPA, the sum of the energy of the triplet

states is larger than the energy of the singlet state, making the process ex-

pressed by Eq. 2.6 exoergonic, and thermodynamically favoured. Moreover,

the fluorescence properties of NINI-DIPA could be exploited to obtain

upconverted emission in the blue spectral range, under appropriate condi-

tions. More experimental studies will be planned to assess the TTA ability

of NINI-DIPA.

2.4 Phosphorescent aggregates of polar chromo-

phores: beyond the excitonic approximation

Thanks to their long emission lifetimes and high triplet quantum yields,

phosphorescent materials attracted growing interest from various techno-

logical areas, for example light emitting devices, optical sensing, imaging

and biomedical applications [294–300].

Because of the spin-orbit coupling requirements, transition metal com-

plexes are among the most investigated phosphorescent materials [301].
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However, the synthesis of metal-free phosphorescent molecules, highly desir-

able in view of the reduced toxicity and better tunability, represents a rich re-

search field, and many fully organic phosphorescent dyes were prepared and

studied in the last decades [300,302–304]. To date, only a few studies were

considering CT chromophores as phosphorescent materials [302, 305–307],

however, the possibility to achieve long lasting luminescence at room tem-

perature from custom-designed donor-acceptor systems makes them likely

to be the focus of material sciences in the near future.

Since many applications of phosphorescent materials are in the solid

state, the understanding of the effects of molecular packing and intermolec-

ular interactions on the luminescence properties of the molecular assembly

sets the basis for the engineering of efficient devices [226,308–311]. It is well

known that different polymorphs may exhibit different emission intensities

and/or wavelengths [312, 313]. Indeed, polymorphism represents an oppor-

tunity to obtain different luminescence properties from the same molecular

structure and, if the polymorphs can be interconverted by external stimuli,

it can be exploited in luminescent switches [226,305,306,314,315].

From the theoretical side, the popular exciton approximation works well

for interacting nonpolar dyes, but can be misleading when applied to ag-

gregates of polar and polarizable molecules, which can readjust their charge

distribution according to the local electrostatic field generated by the neigh-

bouring molecules, leading to additional cooperative (mean-field) effects

completely overlooked in the excitonic picture [118].

In this context, ESMs represent a flexible tool for the description of

aggregates of CT chromophores, incorporating excitonic and mean-field ef-

fects in a coherent and physically sound picture [242]. ESMs for aggregates

can be readily built in a bottom-up approach starting from the correspond-

ing single-molecule Hamiltonians, and the model parameters extracted for

the solvated molecule can be rigidly transferred to the aggregate without

re-optimization, implying a great predictive impact. So far, ESMs have

been developed and validated for dimers, aggregates and clusters of dipo-

lar [45,59,61,118,231,241,243,316] and quadrupolar [46,128–131] dyes, and

were successful in describing not only spectral shifts but also more intrigu-

ing phenomena such as bistability [243], multielectron transfer [241] and the

amplification of NLO responses [46,61].
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In the following, we will introduce an ESM describing simple aggregates

of phosphorescent dipolar dyes, which will allow us to draw general consider-

ations on the effects of intermolecular interactions on phosphorescence, and

offer guidelines to experimentalists about the design of new phosphorescent

materials based on CT dyes.

Although fully organic dyes are preferable to their organometallic coun-

terparts, the achievement of intense emission from the triplet states of metal-

free dyes is a challenging issue, dealing with the unfavourable selection rules

for the singlet-to-triplet transitions, and the concomitant effects of inter-

molecular interactions in the solid state. For these reasons, the in-depth

investigation of purely organic phosphors is still in its infancy, while metal

complexes, coming in a variety of well-characterized structures, are good

benchmarks for theoretical models.

In this Section, we will discuss a specific case study consisting in a din-

uclear Rhenium(I) complex featuring two highly luminescent concomitant

polymorphs characterized by different emission colours [317]. Notwithstand-

ing its complex electronic structure, which cannot be captured by a simple

few-state model, this dye represents an example of a polar CT system, and

will give us the opportunity to extend the conclusions drawn from ESMs to

a wider family of molecular materials.

2.4.1 Aggregates of push-pull dyes: the ESM approach

As described in the previous Chapter, the basic electronic ESM for a push-

pull dye relies on the choice of two basis states corresponding to its limiting

resonance structures: a neutral state |N〉 representative of the DA structure,

and a zwitterionic |Z〉 state describing the charge-separated D+A− structure

[42,83,84]. However, to model phosphorescence emission, we must take into

account spin multiplicity. Specifically, the unpaired electrons in the |Z〉 state

can be combined into one singlet |ZS〉 and three degenerate triplet states

|ZTi
〉, thus, the minimal basis set required to reproduce both absorption and

phosphorescence spectra of this system consists of three electronic states:

|N〉, |ZS〉 and |ZT 〉, where only one out of the three triplet states is accounted

for, without loosing generality.



100 Chapter 2. Interacting chromophores: models and spectroscopy

On this basis, the electronic Hamiltonian Ĥe describing the isolated dye

is the following 3× 3 matrix:

Ĥe =









0 −
√

2t −VSO

−
√

2t 2η 0

−VSO 0 2η









(2.7)

where we set 2η as the energy gap between the zwitterionic states and the

|N〉 state. The matrix element −
√

2t mixes the states with the same spin

multiplicity (|N〉 and |ZS〉), and describes the probability of electron hop-

ping from the D to the A site. The mixing between states of different

multiplicity (|N〉 and |ZT 〉) is introduced by the spin-orbit coupling term

VSO. Typically, the spin-orbit coupling only represents a small perturba-

tion, i. e. VSO ≪ t.

Diagonalization of Ĥe returns the eigenstates of the system: the ground-

state |g〉, and two excited states, |e1〉 and |e2〉. Since VSO is small, |g〉 and

|e2〉 originate mainly from the mixing of the singlet states, while |e1〉 is

almost coincident with |ZT 〉. In the limit of VSO = 0, |ZT 〉 stays unmixed,

and the eigenstates collapse into the following:

|g〉 =
√

1− ρ |N〉+
√
ρ |ZS〉 (2.8)

|e1〉 = |ZT 〉 (2.9)

|e2〉 =
√
ρ |N〉 −

√

1− ρ |ZS〉 (2.10)

As before, the ionicity ρ in the equations above measures the weight of |ZS〉
in the ground state and can be regarded as an indicator of the dye polarity.

In more quantitative terms, ρ = 〈g| ρ̂ |g〉, where ρ̂, the ionicity operator, is

defined as

ρ̂ =









0 0 0

0 1 0

0 0 1









(2.11)

and is related to model parameters η and t as given by

ρ =
1
2

(

1− η
√

η2 + 2t2

)

(2.12)

Neglecting all off-diagonal elements, the dipole moment operator µ̂ rel-

evant to the system is written as

µ̂ = µ0ρ̂ (2.13)
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Figure 2.12: Left: the model geometry for a dimer of dipolar chromophores (the

electron donor is in blue, the electron acceptor in red). Molecules are fixed at a

distance y and horizontally shifted by x. The molecule length is l. Right: depen-

dence of the intermolecular interaction V on geometrical parameters x and y (we

set l = 7Å). Repulsive interactions are indicated in red, attractive interactions in

blue.

where µ0 is the magnitude of the dipole moment of each of the zwitterionic

states.

Starting from this simple three-state model for the non-interacting mol-

ecule, we can easily build up a model for aggregates, following a bottom-up

approach. Here, we will consider the simple yet instructive case of a dimer

of DA molecules, each one described by the Hamiltonian in Eq. 2.7.

The Hamiltonian describing a dimer of push-pull dyes can be written as

follows [44,241]:

Ĥ =
2

∑

i=1

ĥi + V ρ̂1ρ̂2 (2.14)

where ĥi are the Hamiltonians of the non-interacting molecules (Eq. 2.7),

ρ̂i is the ionicity operator of the i-th molecule and V is the electrostatic

intermolecular interaction between the two molecules in a purely zwitterionic

state.

Different approximation schemes can be adopted for the calculation of

V . The dipolar approximation is not suitable for aggregates of push-pull

dyes, where the intermolecular distance is usually of the same order of mag-

nitude of the molecular length. In a better approach [44,46,241], the dipolar

approximation is relaxed and V is calculated as the sum of Coulombic in-

teractions between point charges located on the D (positive charge) and A
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(negative charged) sites:

V =
e2

4πε0

(

+
1
d++

+
1
d−−

− 1
d+−

− 1
d−+

)

(2.15)

where e is the elementary charge, ε0 is the vacuum permittivity and d+(−)+(−)

is the distance between the positive (negative) charge on the first molecule

and the positive (negative) charge on the second one.

The distances entering in Eq. 2.15 are dependent on the geometry of the

aggregate. For example, let us considering the ladder structure presented in

Figure 2.12. Each molecule is treated as a segment of length l connecting the

point-like D and A moieties. The molecules are parallel, with both A groups

pointing in the same direction. Two geometrical parameters are required

to quantitatively describe this configuration: the distance y between the

molecules and the lateral shift x.

For this geometry, the following relations can be written:

d++ = d−− =
√

x2 + y2 (2.16)

d+− =
√

(l − x)2 + y2 (2.17)

d−+ =
√

(l + x)2 + y2 (2.18)

Thus, the electrostatic potential V is univocally determined by the distances

x, y and the molecular length l. In Figure 2.12 (right) we mapped the val-

ues assumed by V as a function of the intermolecular distances for a model

chromophore with l = 7Å. The intermolecular distance y mainly affects the

magnitude of V , while the lateral shift x also affects its sign. When the

molecules are in a face-to-face arrangement (small x) the repulsive interac-

tions are dominant, resulting in positive V , conversely, when the lateral shift

is large enough, the dominant interactions become negative and the sign of

V is reversed.

The total dipole moment of the dimer is given by the sum of the dipole

moments of the individual molecules: µ̂ = µ̂1 + µ̂2, being µ̂i the dipole

moment operator of the i-th molecule, aligned with the molecular axis.

The ESM introduced above naturally accounts for typical excitonic ef-

fects arising from the relative orientation of the transition dipole moments

of the interacting chromophores. Moreover, it also introduces the effects of
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Figure 2.13: Ground-state ionicity ρ of a molecule in the dimer calculated as a

function of the intermolecular interaction V for different values of η (
√

2t = 1 eV).

Continuous lines were obtained with the full model, dashed lines were obtained

with the mf approach.

the interaction between the charge distribution of each molecule and the

electric field generated by the other molecule [44].

The latter phenomenon alone can be captured by the mean-field (mf )

approximation [318], a simple approximation scheme collapsing the descrip-

tion of the aggregate into the solution of a single-molecule Hamiltonian with

renormalized parameters accounting for the effects of the electrostatic po-

tential generated by the surroundings [44].

To our purposes, the mf scheme consists in the diagonalization of the

Hamiltonian in Eq. 2.7 in which the energy η is replaced by the effective

energy ηeff computed as

ηeff = η +Mρ (2.19)

where M is the Madelung energy, which for a dimer simply reads M = 1
2V .

The ground-state ionicity ρ depends itself on ηeff , so that Eq. 2.19 can be

solved imposing self-consistency.

In Figure 2.13 we reported the evolution of the ground-state ionicity

as a function of the intermolecular interaction V for selected values of η,

corresponding to different polarities of the monomer (for simplicity we set√
2t = 1 eV, as for typical push-pull dyes). Results obtained with the

ESM, i. e. from the diagonalization of Eq. 2.14, hereafter referred to as
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full model, are compared with those calculated applying the mf approxima-

tion (Eqs. 2.7 and 2.19). The two approaches give quantitatively consistent

results, at least when the interactions are not too large. Attractive inter-

actions (V < 0) favour ionic lattices, and molecules being mostly neutral

in their ground state (η > 0) can become ionic (ρ > 0.5) when paired to-

gether. Conversely, repulsive interactions (V > 0) reduce the degree of

charge separation, favouring instead a neutral regime. The appearance of

discontinuous charge crossovers, as detailed elsewhere [44], confirms the co-

operative behaviour of aggregates of polar and polarizable dyes and the

dependence of the materials properties on the supramolecular organization

(e. g. intermolecular distances).

More interesting to our purposes are the spectroscopic effects summa-

rized below. We selected three different values of η, corresponding to differ-

ent ionicities, chosen in the range in which the two models (full model and

mf ) are in good agreement, at least for realistic strengths of intermolecular

interactions: η = 0.5 eV, describing a neutral dye (ρ ≈ 0.28), η = −0.5 eV,

describing an ionic molecule (ρ ≈ 0.72) and η = 0, corresponding to ρ = 0.5

(in all calculations we set
√

2t = 1 eV). To reduce the number of adjustable

parameters, absorption and phosphorescence spectra were computed for dif-

ferent values of V , disregarding its specific dependence on the aggregate

geometry and yielding more general results.

The absolute maxima of the absorption spectra calculated as a function

of V are reported in the upper panels of Figure 2.14. Large shifts of the

absorption band are expected, depending on the sign and magnitude of the

intermolecular interaction. For η = 0 or −0.5 eV (ρ ≥ 0.5), the absorption

band of the dimer is always shifted to higher energy compared to the non-

interacting molecule, while for η = 0.5 eV (ρ < 0.5) the absorption band is

blue-shifted for repulsive interactions and red-shifted for attractive potential.

Of course, the absorption shift vanishes for V → 0.

More instructive is the comparison between the exact results (full model)

and the mf results. Indeed, the spectral shifts obtained with the full model

arise from the interplay between two qualitatively different contributions.

The first one is due to the interaction between transition dipole moments

of the dyes, which is also at the heart of the excitonic theory. The second

one is the mean-field effect, which is completely neglected in the excitonic
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Figure 2.14: Top panels: the absorption maximum of a dimer (Emax
abs ) of push-

pull dyes as a function of the intermolecular interaction V calculated for selected

values of η (
√

2t = 1 eV) with the full model (continuous lines) and the mean-field

approach (mf, dashed lines). The black dotted lines mark the energies obtained

for V = 0 (isolated molecule). Bottom panels: difference between the exact energy

(Efull) and the mf energy (Emf ).

picture. Thus, the comparison between the two approaches, as reported in

Figure 2.14, allows to separate and quantify the mean-field contribution to

the exact results.

The two models provide qualitatively different results, also for small

intermolecular interactions. For ρ = 0.5, for example, the mf approach

overestimates and underestimates the transition energy for V < 0 and V > 0

respectively. For ρ > 0.5 the mf model shifts the spectrum to the red for

repulsive interactions, where a blue-shift is instead expected based on the

exact results. Also for ρ > 0.5 large deviations are found. As expected,

the difference between the exact and mf transition energies, reported in the

lower panels of Figure 2.14, increases moving away from V = 0, and can be

as large as 1 eV for V ≈ 4 eV, which can be reached for short intermolecular

contacts (e. g. x ≈ 0 and y ≤ 4Å, Figure 2.12).

In Figure 2.15 (upper panels) we reported the energy of the phospho-

rescent state as a function of the interaction term V . Independently of the

sign of η, large shifts of the phosphorescence spectrum are expected for the

interacting molecules, whose direction depends on the sign of V . When

the interactions are repulsive (V > 0) the aggregate emits at higher energy

compared to the isolated molecule, conversely, when attractive interactions
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Figure 2.15: Top panels: energy of the phosphorescent state(s) of a dimer (Ephos)

of push-pull dyes as a function of the intermolecular interaction V calculated for

selected values of η (
√

2t = 1 eV) with the full model (continuous lines) and the

mean-field approach (mf, dashed lines). In all calculations we set VSO = 1 × 10−4

eV. The black dotted lines mark the energies corresponding to V = 0 (isolated

molecule). Bottom panels: difference between the exact energy (Efull) and the mf

energy (Emf ).

dominate (V < 0), the phosphorescence of the aggregate is shifted to lower

energy. It follows that the control of molecular packing can be exploited not

only to tune the absorption spectral window, but also the phosphorescence

colour. Moreover, the curves obtained with the mean-field approach are

coinciding over a wide range of V values with the exact curves, demonstrat-

ing that the phosphorescence shifts have a mean-field origin, while excitonic

effects are negligible.

In other words, in clusters of push-pull dyes, as far as absorption is

concerned, the mean-field effect cooperates with excitonic interactions, at

least for large enough V , and both effects must be carefully considered.

Conversely, the mean-field effects alone are responsible for quite impressive

phosphorescent shifts which, due to their intrinsic nature, are peculiar of

aggregates of largely polar and polarizable chromophores.

In summary, we demonstrated not only that phosphorescence tuning

through aggregation is possible for push-pull chromophores, making this

family of molecules worth exploring for application in real devices, but also

that for this class of materials relying on the excitonic scheme alone can be

misleading.
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In the following we will present experimental evidence of a metal-contain-

ing luminophore which, notwithstanding the complex electronic structure

requiring a different theoretical approach, owes the different emission colours

of its polymorphs to mean-field effects, corroborating the general conclusions

drawn above.

2.4.2 Phosphorescent polymorphs of a dinuclear Rhenium(I)

complex

Transition metal complexes, in view of their fairly large spin-orbit coupling

favouring fast ISC, are among the most investigated phosphorescent emit-

ters, for example in light emitting diodes [319].

Here we will focus on 2, a dinuclear Rhenium(I) complex recently re-

ported by Panigati and coworkers [317, 320], in which two Re atoms are

bridged by a pyridazine ligand (Figure 2.16). 2 belongs to the family of

complexes of general formula Re2(µ-X)2(CO)6(µ-1,2-diazine) (X = halogen),

many of them characterized by intense emission from triplet metal-to-ligand

charge transfer (3MLCT) states [321,322].

Complex 2 is characterized by the combination of few interesting prop-

erties, among which the intense emission in the solid state, about one order

of magnitude higher with respect to solution, and the concomitant forma-

tion of two polymorphs, the so-called yellow polymorph 2Y and the or-

ange polymorph 2O, characterized by markedly different absorption and

emission properties, and undergoing a clean single-crystal-to-single-crystal

transition [317].

The 2Y polymorph is monoclinic, and is characterized by only half a

molecule in the asymmetric unit. It can be described as a collection of

closely spaced layers of equally oriented molecules containing the pyridazine

planes. The 3D structure originates from the parallel stacking of these lay-

ers alternating the direction of the molecular dipoles (Figure 2.16). Con-

versely, the 2O polymorph is orthorombic and contains two molecules in the

asymmetric unit. The 3D organization of the molecules consists of layers

of molecules in a zig-zag arrangement, which are stacked alternating the

macroscopic polarity every two layers.

2O is more densely packed than 2Y, indeed 2O is the thermodinamically

favoured polymorph at low temperatures, while 2Y corresponds to the ki-
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Figure 2.16: Left: molecular structure of the target dinuclear Rhenium(I) com-

plex 2, Re2(µ-Cl)2(CO)6(µ-4,5-(Me3Si)2pyridazine). Right: views of the layers in

polymorphs 2Y and 2O.

netically favoured phase. Therefore, acting on the crystallization rate, it was

possible to obtain selectively one of them. The 2O→2Y phase transition is

an irreversible process occurring at 443 K [317].

Absorption spectra of 2 in solution feature a low-energy CT band (λ ≈
400 nm), assigned to a 1MLCT transition [317]. This broad and feature-

less band is sensitive to solvent polarity, and blue-shifts by ∼ 0.3 eV from

nonpolar toluene to more polar acetonitrile (Table 2.5), indicating that the

ground-state is more polar than the CT excited state. Phosphorescence

emission of 2 occurs below 600 nm with monoexponential microsecond de-

cay times, and was assigned to a 3MLCT transition. The emission band

undergoes a slight positive solvatochromic shift amounting to ∼ 0.1 eV.

The two polymorphs 2Y and 2O are characterized by different spectro-

scopic signatures. The absorption maximum of 2O is almost coincident with

the absorption maximum of toluene solution, while the absorption band of

2Y is blue-shifted by ∼ 0.2 eV. The phosphorescence spectrum of both poly-

morphs is blue-shifted compared to solution, but while the shift amounts to

∼ 0.15 eV for 2O, it is considerably larger for 2Y (∼ 0.3 eV). It is worth

noticing that the crystalline phases are more efficient emitters compared to

the solutions, with quantum yields exceeding 50%. This interesting phe-



2.4. Phosphorescent aggregates of polar chromophores 109

Table 2.5: Spectroscopic data of 2 in solution and in the two crystal polymorphs

2Y and 2O: absorption and emission maxima (λmax
abs and λmax

em ), emission quantum

yield (QY) and emission lifetime (τ). Data in solution are referred to solvents of

different polarity: toluene (TOL), dichloromethane (DCM) and acetonitrile (ACN).

Data are taken from Ref. [317]

Sample λmax

abs / nm λmax
em / nm QY / % τ / µs

2 (TOL) 394 612 6 0.7

2 (DCM) 384 625 4 −

2 (ACN) 361 663 1 −

2Y 370 534 56 5.8

2O 393 570 52 4.1

nomenon was attributed to the restricted roto-vibrational motion of the

Me3Si groups in the solid state [317,323].

The data above suggest that the crystal packing is responsible for the

spectroscopic differences observed between the two polymorphs. Given the

polar nature of 2, we could expect the emission shifts of the crystals to

be induced by mean-field effects, as demonstrated in the previous Section

for prototypical push-pull systems. However, the complexity of the elec-

tronic structure of 2, mostly related to the presence of two metal centers, as

detailed below, cannot be accurately described by few-state models. Nev-

ertheless, resorting to DFT calculations, we were able to unambiguously

demonstrate the key role played by mean-field effects in the luminescence

properties of 2 in the solid state.

Modelling the solvated dye

(TD)DFT calculations were performed with the Gaussian16 package [159],

including the solvent with the standard PCM model [160,267]. Calculations

were run with the long-range corrected CAM-B3LYP functional [170], and

the selected basis set was 6-31G(d,p) for all elements except Re, for which the

Stuttgart-Dresden effective core potentials (ECPs) were included together

with the corresponding basis set [324].

Excitation energies computed on the optimized geometry with TDDFT

are collected in Table 2.6.
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Table 2.6: TDDFT data on the vertical S0 → Xn electronic transitions of 2 in

dichloromethane: transition energies and wavelengths, oscillator strengths (f), po-

larization (p) and main excitations. For the individuation of the polarization,

the x direction coincides with the C2 axis of the molecule. The level of theory

was CAM-B3LYP/6-31G(d,p), and Stuttgart-Dresden ECPs were employed for Re

atoms. Triplet energies were computed within Tamm-Dancoff approximation. Data

in brackets were obtained with state-specific solvation.

Xn Energy / eV Wavelength / nm f p Type (> 25%)

S1 3.624 (3.826) 342.1 (324.1) 0.000 x H→L (94%)

S2 3.756 (3.998) 330.1 (310.1) 0.150 yz H-1→L (93%)

S3 3.787 (3.972) 327.4 (312.1) 0.006 yz H-2→L (94%)

S4 3.972 (4.248) 312.3 (291.9) 0.376 x H-3→L (83%)

S5 3.994 (4.206) 310.4 (294.8) 0.003 yz H-4→L (59%)

T1 3.429 (3.645) 361.5 (340.1) − − H-1→L (73%)

T2 3.568 (3.783) 347.5 (327.7) − − H→L (71%)

T3 3.570 (3.751) 347.3 (330.5) − − H-3→L (60%)

As argued from the inspection of the NTOs in Figure 2.17, the lowest-

energy singlet and triplet transitions possess a CT character and correspond

to a charge migration from the region of the Re atoms and the inorganic

ligands (CO and Cl-) to the pyridazine ligand. Indeed, all excitations involve

the LUMO, which is localized over the pyridazine ring.

Only few transitions are allowed in absorption: the S0 → S1, S0 → S3

and S0 → S5 transitions are dark, while S0 → S2 and S0 → S4 are symmetry

allowed. The S0 → S2 transition is weaker and is mainly polarized in the

Re−Re direction, while S0 → S4 is characterized by a higher oscillator

strength and is polarized along the C2 axis of the complex. As evidenced in

Figure 2.17, the two transitions differ for the phase of the occupied orbitals.

Given the small energy difference between these two transitions, they could

both contribute to the experimental absorption band at λ ≈ 380 nm.

According to DFT, the permanent dipole moment of 2 in the ground

state lies along the C2 molecular axis and amounts to 17.05 D. Upon verti-

cal excitation to S2 and S4 it decreases to 5.622 and 8.911 D respectively,

explaining the experimental negative solvatochromic shift.

While two states are responsible for absorption, we can assume that

phosphorescence emission stems from the lowest-energy triplet state at its
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Figure 2.17: Vertical electronic transitions of 2 and corresponding NTOs (isovalue

0.02) computed in dichloromethane. Energies are on scale. Blue arrows indicate

the transitions allowed in absorption, the red arrow indicates phosphorescence orig-

inating from the lowest-energy triplet state. Numbers in brackets refer to the con-

tribution of the NTO pair to the total excitation.
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equilibrium geometry. The NTOs in Figure 2.17 suggest that the S0 → T1

transition possess the same nature as the lowest-energy transition allowed

in absorption (S0 → S2), conversely, the brightest state in absorption, S4,

is characterized by the same nature of T3. In order to identify the one

responsible for emission, we relaxed the geometry of both triplet states. We

found that the energy of T1 amounts to 2.846 eV, while the predicted energy

of T3 is 3.171 eV. Thus, even if the energy difference is moderate (< 0.35 eV),

T1 is likely to be the phosphorescent state of 2. The S0 ← T1 transition is

predicted at 2.212 eV (560.4 nm) with standard nonequilibrium solvation,

and to 1.696 eV (731.0 nm) according to state-specific solvation [166]. The

dipole moment of the relaxed T1 state amounts to 9.27 D, and increases to

15.04 D after de-excitation.

Mean-field effects in clusters of 2

The complex electronic structure evinced from the TDDFT study detailed

above, in which at least two different CT states are involved in absorption

and phosphorescence, makes 2 unsuitable for the modelling through a sim-

ple ESM approach. At the same time, the full DFT treatment of aggregates

becomes computationally demanding as the dimension of the aggregate in-

creases, becoming unfeasible for a representative number of molecules.

Nevertheless, moving from the general conclusions made in the previous

Section, we could expect mean-field effects being responsible for the different

phosphorescence energies of the two polymorphs. To verify this hypothesis,

we selected a representative substructure of the crystal lattice containing 21

molecules for 2Y and 36 molecules for 2O, as shown in Figure 2.18. These

clusters are the smallest structures obtained surrounding the molecules in

the unit cell (one molecule for 2Y and two molecules for 2O) by the nearest-

neighbour molecules. To mimic mean-field effects, only the molecule in the

asymmetric unit (depicted in blue or red in Figure 2.18) were treated ex-

plicitly with TDDFT, while the neighbouring ones were replaced by point

charges located at the atom positions reflecting their charge distribution.

In this way, all the spectroscopic effects observed on the target molecule

can be attributed to the interaction with the electrostatic field generated by

the surroundings, allowing to quantify mean-field effects. For this purpose, a

self-consistent approach was adopted to estimate the equilibrium charge dis-
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Figure 2.18: Views of the representative clusters of the Y and O polymorphs. The

molecules in dark blue/red are those explicitly considered in the TDDFT calcula-

tions of the spectroscopic properties. The other molecules were accounted for as

distributions of atomic point charges located at the atom positions. For 2O, dif-

ferent colours reflect a different symmetry: light blue (orange) molecules have the

same symmetry of the molecule in blue (red).

tribution in the crystal. Starting from the gas phase values, atomic charges

were updated in an iterative series of computational steps, until convergence

was achieved.

Comparison between ESP charges of the isolated molecule in gas phase

and those of the molecule in the cluster (Table 2.7) gives a hint of the effect

of the electrostatic interactions on the charge distribution. Indeed, charge

separation between the Re2(CO)6Cl2 fragment and the pyridazine ligand

increases by ∼ 25% from gas phase to both polymorphs. Moreover, the

two nonequivalent molecules of 2O are characterized by different charge

distributions, as a consequence of their different environment.

Spectroscopic properties of the isolated molecule in gas phase and in

the clusters were addressed at the same level of theory adopted for the de-

scription of the solvated molecule and were computed on the non-optimized

crystallographic geometry. Main TDDFT results are collected in Table 2.8,

together with corresponding experimental data.

Absorption transitions of the clusters match those obtained in dichloro-

methane solution. The most intense transition (f & 0.2) is the one towards
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Table 2.7: Cumulative ESP charges on selected regions of 2 in gas phase and

in a cluster of 21 (2Y) or 36 (2O) molecules, calculated on the crystallographic

geometry. ESP charges of the clusters were obtained from an iterative process in

which, starting from the gas-phase values, the charge distribution calculated in

each step was adopted for the calculation of the charges in the subsequent step. Up

to 5-6 steps were performed to reach convergence. For the O polymorph the two

numbers refer to the two nonequivalent molecules in the unit cell.

2Y 2O

gas phase crystal gas phase crystal

Re(CO)3Cl -0.2549 -0.3193 -0.2831/-0.2457 -0.3752/-0.2723

Re(CO)3Cl -0.2565 -0.3258 -0.2615/-0.2781 -0.2307/-0.2940

(Me3Si)2pyridazine 0.5113 0.6452 0.5446/0.5240 0.6059/0.5663

Table 2.8: Comparison of experimental and calculated transition energies (in eV) of

noninteracting 2 molecule (in gas phase or toluene solution) and in a Y/O cluster.
aData taken from Ref. [317] bvalues reported in the experimental column is reported

the maximum of the absorption spectrum, in the calculated column the energy of

the transition with higher oscillator strength. cvertical transition from the ground

state. dcalculated on the relaxed T1 geometry.

Experimentala Calculated

Transition toluene crystal gas phase crystal

Y

S0 → Sn (Sn)b 3.15 3.35 3.57 (S5) 4.15 (S4)

S0 → T1
c

− − 2.80 3.43

T1 → S0
d 2.02 2.32 1.97 2.20

O

S0 → Sn (Sn)b 3.15 3.15 3.59/3.51 (S5) 3.80/3.67 (S5)

S0 → T1
c

− − 2.82/2.71 3.04/2.88

T1 → S0
d 2.02 2.17 1.97 1.97/2.03
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the S4 or S5 state and corresponds to a CT from the metal atoms to the

organic ligand. Absorption of 2Y is blue-shifted by ∼ 0.58 eV compared

to the molecule in gas phase, to be compared with an experimental shift

of 0.2 eV in the same direction from solution (in nonpolar solvents) to the

crystal. In gas phase, the two monomers of the 2O polymorph absorb at

slightly different energies (∆E ≈ 0.08 eV) due to their different crystallo-

graphic geometry, which is the result of the different environment felt in the

crystal. The interaction with the charge distribution of the neighbouring

molecules in the crystal amplifies this difference, which becomes 0.13 eV.

Also in this case, mean-field interactions are responsible for a blue-shift of

the main absorption transition, amounting to less than 0.2 eV with reference

to gas phase results.

Excitation energies relevant to the vertical S0 → T1 process follow the

same trend, with the interactions in the crystal displacing the transitions to

higher energy, specifically by ∼ 0.6 eV for 2Y and ∼ 0.2 eV for 2O.

To get a better estimate of phosphorescence energies, we optimized the

geometry of 2 in the T1 state, both in gas phase and in the clusters. The

phosphorescence energy, i. e. the energy of the S0 ← T1 process at T1 equi-

librium geometry, amounts to 1.97 eV for the monomer in gas phase, and can

be affected by the electrostatic field of the cluster, depending on the packing.

Indeed, the phosphorescence of 2Y is predicted at 2.20 eV, i. e. blue-shifted

by ∼ 0.2 eV compared to gas phase. Conversely, in 2O, only the molecules

occupying one of the nonequivalent positions of the unit cell feel an effect

on phosphorescence, consisting in a small blue-shift (∆E ≈ 0.06 eV).

Comparison with experiment is tricky, and requires some premises. First-

ly, experimental data of the noninteracting molecule are collected in solu-

tion, where solvent effects cannot be suppressed even in nonpolar solvents

and contribute to the measured absorption. Secondly, experimental ab-

sorption spectra of 2, both in solution and in the crystal, are broad and

their information cannot be collapsed into a single wavelength. As emerged

from the TDDFT study in solution, at least another CT transition polar-

ized along the direction connecting the two metal centers supplies intensity

to the absorption band in the low-energy side, but its contribution cannot

be recognized and quantified in the experimental spectrum. Furthermore,

for the O polymorph, the two nonequivalent molecules in the unit cell con-
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tribute with different energies, and the broad experimental bands also take

this into account.

Another issue is related to the approximations introduced by the theoret-

ical method itself, among which the choice of the functional (CAM-B3LYP)

which, as argued from the data on the solvated dye, shows an intrinsic

tendency to overestimate transition energies. Moreover, the experimental

absorption energies could also contain the contribution of excitonic effects,

which are not accounted for in the modelling.

Notwithstanding these limitations, meaningful considerations can be driv-

en based on the relative predicted emission energies. Indeed, emission of 2Y

is found at higher energy with respect to 2O, and the energy difference be-

tween the transition energies of the two polymorphs amounts to 0.17-0.23

eV, in very good agreement with the experimental value (0.15 eV). Moreover,

both polymorphs emit at higher energy with respect to the noninteracting

molecule and, even if the phosphorescence shift of 2O seems to be underes-

timated compared to experiment, the same trend is predicted by TDDFT,

corroborating our hypothesis.

In summary, replacing the nearest neighbouring molecules of the crys-

tal with the electrostatic field generated by their charge distribution, we

quantitatively accounted for the difference in the emission energies of the

two polymorphs, confirming that their origin is due to mean-field effects,

which become relevant in view of the polar/polarizable nature of the dye,

and whose magnitude is related to the specific molecular packing of each

polymorph. Further work will examine the effect of the size and shape of

the selected model cluster on the computed properties, in order to generalize

these findings.

2.5 Spectroscopy and aggregation of benzothia-

diazole-based multipolar chromophores

The appropriate introduction of substituents at the periphery of the con-

jugated backbone may assist the formation of ordered assemblies. Alkyl

substituents are characterized by high absorption energies, which makes

them irrelevant to the spectroscopic properties of the isolated chromophores,

conversely, they can be actively involved in supporting the formation of ag-
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gregates, governing molecular orientation, interchromophoric distances and

strength of the intermolecular interactions [237, 325, 326]. Thus, side-chain

engineering can be exploited not only for the enhancement of the dye solu-

bility, which should improve the processability of the materials, but also to

achieve a control over the aggregation process of the chromophores, leading

to nanostructured self-assembled architectures possessing the desired prop-

erties [327,328].

Even more interestingly, the competition between the interactions be-

tween side chains (typically Van der Waals interactions) and those occur-

ring between the π-conjugated skeleton of the chromophores (typically π−π
stacking) sometimes leads to multistable aggregates, opening the possibility

of achieving a switching effect [66]. Indeed, the occurrence of metastable

states that, when subject to an external input, can be interconverted or

driven towards the thermodynamically stable state, is one of the prerequi-

sites for stimuli-responsive materials [329–336].

The understanding of the relationship between the molecular structure

and the aggregation pattern, as well as the effect promoted by external

stimuli, is fundamental for the exploitation of supramolecular organization

as a tool to design molecular materials with tailored properties [222, 247,

337–339].

In this Work we focused on the family of multipolar chromophores pre-

sented in Figure 2.19, synthesized and provided by Dr. Kathleen I. Moineau-

Chane Ching and coworkers (Laboratory of Coordination Chemistry, CNRS-

UPR8241, Toulouse, France). They are all based on the same molecu-

lar backbone, characterized by a dithienylsilyl core, a well-known electron-

donating group, symmetrically disubstituted with two 2,1,3-benzothiadiazole

(BDT) units, two strong electron acceptors [340]. Each branch of the

molecule is elongated via a thiophene group end-capped with an alkyl cyano-

acetate moiety. Thus, each molecule can be described as a A′D′ADAD′A′

system, where we considered the thiophene and the cyanoacetate as ad-

ditional electron donors and electron acceptors respectively (D′ and A′).

Conjugation is extended over the entire network, and should grant for the

planarity of the backbone [341].

The π-conjugated skeleton of the chromophores is decorated with C8

alkyl chains grafted to the dithienylsilyl core and to the terminal cyanoac-
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etate moieties. Two types of alkyl chain were considered for each of the graft-

ing sites, a linear (octyl, O) chain and a branched (2-ethylhexyl, EH) chain,

yielding four different alkyl-substituted dyes: SilOCAO, SilOCAEH, SilE-

HCAO and SilEHCAEH.

Recent studies on parent BDT-based chromophores end capped with

alkyl groups demonstrated that the nature of the alkyl chains is irrelevant

as far as the optical properties of the solvated dyes are concerned, but affects

the supramolecular assembly in the solid state and in nanoparticle suspen-

sions, promoting the partial ordering into J-aggregates and sometimes the

occurrence of liquid crystalline behaviour [130, 342]. Moreover, thanks to

the competition between intermolecular contacts driven by the side chains

and those promoted by the molecular backbone, different aggregated phases

could be obtained, whose relative abundancy could be modified by mild

mechanical or thermal treatments, such as grinding and annealing, with an

impressive effect on the optical properties [131].

Here, the introduction of the central D group extends the conjugation

of the system, shifting the emission to the near-IR, but also allows for the

introduction of alkyl substituents at the core of the π-conjugated skeleton,

which may affect the supramolecular organization of the molecules.

In the following we report on the detailed spectroscopic investigation of

the target chromophores and their aggregation behaviour, with the aim of

finding useful structure-property relationships.

2.5.1 Solution and solid state spectroscopy

Steady-state absorption and emission spectra of the target dyes were col-

lected in different solvents, spanning a wide polarity range (Figure 2.20).

Main spectroscopic properties are summarized in Table 2.9. Measurements

were performed on diluted solutions (c ≈ 10−6 mol L-1) to avoid inner filter

effects, self-absorption and aggregation.

All chromophores display similar spectral features, indicating that the

nature of the alkyl chains is irrelevant in solution, where the spectroscopic

behaviour is dominated by the π-conjugated backbone. Absorption spec-

tra are characterized by two bands covering most of the UV/vis spectral

window: an intense featureless band (ε > 7 × 104 mol-1 L cm-1) is cen-

tered at λ ≈ 600 nm, while another less intense peak is found in the UV,
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Figure 2.19: Molecular structure of the target BDT-based chromophores.

at λ ≈ 400 nm. The two bands are broad and are basically unaffected by

solvent polarity.

Fluorescence occurs in the red-NIR region, and the emission maxima

shift from λ ≈ 660 − 670 nm in nonpolar cyclohexane to λ > 800 nm in

polar solvents like dimethyl formamide and dimethyl sulfoxide. The solva-

tochromic shift amounts to more than 2500 cm-1, indicating a polar emis-

sive state. The vibronic structure of the emission band is partially resolved

in nonpolar environments (cyclohexane and toluene) and is progressively

blurred upon increasing the solvent polarity. Fluorescence quantum yields

amount to 20 − 30% in nonpolar solvents and drop to ∼ 7 − 10% in polar

solvents, following a similar trend for all the compounds.

Fluorescence anisotropy of two selected dyes, SilOCAO and SilEH-

CAEH, was collected in vitrified 2-methyltetrahydrofuran solutions, and

is shown in Figure 2.21. Anisotropy amounts to ∼ 0.2 − 0.3 in the red-

edge of the main absorption band and smoothly decreases to r ≈ 0 in the

region between 450 and 500 nm, corresponding to the minimum between

the two absorption bands. Anisotropy increases again in the UV, reaching

r ≈ 0.1 − 0.15 at the maximum of the secondary band.

The smoothness and the limited range of anisotropy, which never as-

sumes negative values, is qualitatively different with respect to parent BDT-

based dyes characterized by a quadrupolar-like behaviour [130]. Indeed, the

complex structure of the π-conjugated backbone of the dyes, alternating
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Figure 2.20: Normalized absorption (left panels) and emission (right panels) of

SilOCAO, SilOCAEH, SilEHCAO and SilEHCAEH in solvents of different

polarity (CHX: cyclohexane, TOL: toluene, CHL: chloroform, AC: acetone, DMF:

dimethyl formamide, DMSO: dimethyl sulfoxide). Absorption spectra in DMSO

could not be obtained because of the low solubility of the dye.
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Table 2.9: Spectroscopic properties of the investigated BDT-based chromophores

in solvents of different polarity (CHX: cyclohexane, TOL: toluene, CHL: chloro-

form, AC: acetone, DMF: dimethyl formamide, DMSO: dimethyl sulfoxide). λmax
abs :

absorption maximum, λmax
em : emission maximum, QY: fluorescence quantum yield.

The standard for fluorescence quantum yield measurements was cresyl violet in

ethanol (QY = 51% for λexc = 550 nm). Quantum yields were estimated for exci-

tation in proximity of the absorption maximum. anot determined (sample poorly

soluble).

Compound Solvent λmax

abs /nm λmax
em /nm Stokes shift/cm-1 QY %

SilOCAO

CHX 581 661 2083 27

TOL 600 694 2257 30

CHL 606 729 2784 25

AC 582 766 4127 16

DMF 594 802 4366 9

DMSO 578 >800 >4800 -a

SilOCAEH

CHX 573 663 2369 22

TOL 599 696 2327 24

CHL 606 732 2840 21

AC 576 760 4203 13

DMF 588 802 4538 7

DMSO 590 808 4573 -a

SilEHCAO

CHX 588 675 2192 23

TOL 606 692 2051 25

CHL 612 732 2679 20

AC 594 771 3865 12

DMF 605 805 4106 8

DMSO -a -a -a -a

SilEHCAEH

CHX 597 676 1957 23

TOL 600 695 2278 28

CHL 612 734 2716 21

AC 594 776 3948 12

DMF 606 803 4048 7

DMSO 609 808 4044 -a
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Figure 2.21: Excitation anisotropy (dots) of SilOCAO and SilEHCAEH col-

lected in 2-methyltetrahydrofuran undercooled at 77K. Excitation spectra collected

under the same experimental conditions (dashed lines) are reported as a guide to

the eye.

multiple D and A groups gives rise to many CT transitions which are re-

sponsible for the large and featureless absorption bands even in low polarity

solvents. Given the additivity of anisotropy [151], the experimental value

of r may be the result of the superposition of absorption bands relevant to

transitions with different intensity and polarization.

Emission spectra in the solid state were collected both on pristine pow-

ders, i. e. without pre-treatment of the sample, and after gentle grinding in

a mortar (Figure 2.22). Conversely, absorption spectra could be collected on

ground powders only, due to the sizeable scattering of the pristine samples.

Emission spectra of pristine powders are independent of the excita-

tion wavelength and feature a broad band in the near-IR spanning the

800-1400 nm range. The emission maximum of the dyes depends on the

nature of the alkyl chains grafted to the molecular core: fluorescence of

octyl-substituted dyes (SilOCAO and SilOCAEH) peaks at λ ≈ 1000 nm,

while fluorescence of ethylhexyl substituted dyes (SilEHCAO and SilE-

HCAEH) is shifted to higher energy (λ ≈ 940 nm).

To characterize ground powders, a small amount of sample was man-

ually ground and stuck to a quartz plate forming a thin transparent film.

Absorption measurements were performed in transmission, with the incident

beam perpendicularly directed through the plate. As in solution, absorption

spectra of ground powders (Figure 2.22 (a)) feature two bands: one band

is found in the UV (λ ≈ 430 nm) while a broader and more intense band

covers the whole visible range, with an offset at λ ≈ 900 nm. The former
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Figure 2.22: Spectroscopic properties in the solid state. (a) Absorption and (b)

emission of ground powders. (c) Emission spectra of pristine powders. (d-g)

Mechanochromism of the powders: gentle grinding induces a displacement of the

emission spectrum in the direction indicated by the arrow (dotted lines: pristine

powders, continuous lines: ground powders).
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band is slightly red-shifted (by ∼ 10 nm) compared to solution, while the

latter is characterized by a broad shoulder extending over the red side of

the spectrum, in the 700-800 nm region. In this case, the spectra of the four

target compounds are indistinguishable.

Emission of ground samples (Figure 2.22 (b)) is independent of the ex-

citation wavelength and occurs in the 800-1400 nm range. The spectra of

the four compounds are very similar in terms of position and shape, and

emission maxima are confined in a narrow spectral range (850-875 nm).

Comparison between emission spectra of pristine and ground powders re-

veals the mechanofluorochromic behaviour of the target dyes (Figure 2.22 (d-

g)). Indeed, grinding induces a blue-shift of the emission spectrum, amount-

ing to ∼ 130 nm for SilOCAO and SilOCAEH, ∼ 90 nm for SilEHCAO

and ∼ 60 nm for SilEHCAEH.

2.5.2 Aggregation study in solvent/antisolvent mixtures

To pursue an in-depth study of the aggregation behaviour of the target dyes,

while maintaining a sample concentration suitable for spectroscopic analysis,

we forced the aggregation of the chromophores through the addition of an

antisolvent to a solution of the dye. We chose tetrahydrofuran (THF) as

the organic solvent and water as the antisolvent, as the two liquids are

miscible in all proportions under ambient conditions, and we characterized

the chromophores in mixtures with different THF/water ratios.

The samples were prepared as follows. A 2.5×10−4 mol L-1 stock solution

of the dye in THF was prepared and stored in the dark. Then, 40.0 µL of

stock solution were added to 5.0 mL of a THF/water mixture with given

composition, achieving a nominal 2.0×10−6 mol L-1 concentration of the dye

in the final mixture (maximum absorbance ≈ 0.1). Mixtures with different

water content (% volume) were investigated, from 0 (THF only) to 100%

(40.0 µL of THF stock solution in 5.0 mL of water under vigorous stirring).

The stability of the samples was monitored via absorption spectroscopy,

and the characterization was completed within one day. The suspensions

remained clear and stable under working conditions for few days.

Absorption and emission spectra are markedly affected by the compo-

sition of the mixture (Figure 2.23). When water is added to THF, both

absorption maxima (the absolute maximum at λ ≈ 600 nm and the sec-
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Figure 2.23: Normalized absorption (left panels) and emission (right panels) spectra

of the target compounds in THF/water mixtures with different water content (the

legend reports % water). Emission spectra were collected for excitation at the

absorption maximum. The concentration of the samples was 2.0µM.
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ondary one at λ ≈ 400 nm) shift to the red, and a shoulder appears in the

region between 700 and 800 nm. As the water fraction exceeds 50%, the

absorption maxima are shifted back towards their initial values, while the

red-sided shoulder undergoes a slight variation of intensity.

In emission, the behaviour of the dyes is more intriguing (Figure 2.23,

right panels). In 30-40% water mixtures we still recognize the emission

band of THF solution, even if slightly shifted to the red, probably as a con-

sequence of the increase of solvent polarity. Indeed, the dielectric constant

of pure THF amounts to 7.39 and increases up to 31.97 in a 40% water

mixture [343]. When the water content reaches 50%, the emission spec-

trum becomes broader (600-1400 nm) and characterized by three maxima:

one at λ ≈ 770 nm, still corresponding to emission in THF solution, and

other two at λ ≈ 900 nm and λ ≈ 1000 nm. When the water fraction is

increased further the 770 nm emission band vanishes, and the ratio between

the remaining bands changes, with the 1000 nm component decreasing as

the amount of water increases. We can tentatively assign the three emis-

sion bands to different emitting species, that we call for convenience phase I

(emitting at 770 nm), II (emitting at 900 nm) and III (emitting at 1000 nm),

respectively.

The behaviour described above applies to all the investigated dyes. In-

deed, the only difference concerns the relative intensities of the emission

maxima in the 50-90% mixtures which depends on the alkyl substituents at

the core position. Dyes differing for the nature of the terminal chains only

yield superimposable spectra, following the same trend of pristine powders.

Fluorescence quantum yields are strongly dependent on the mixture com-

position (Figure 2.24). The dyes are good emitters in THF (QY≈ 20%), as

in the majority of low/medium polarity solvents (Table 2.9), but undergo

sizeable fluorescence quenching upon the addition of water. Indeed, their

quantum yield is halved in 30% mixtures and drops to ∼ 0.5 − 1% in 50%

mixtures. At higher water fractions the quantum yields are well below 1%

and become independent of the mixture composition, in the limit of exper-

imental uncertainty.

Dynamic light scattering (DLS) measurements were performed on sam-

ples rich in water (70 to 100%) only (Table 2.10). Indeed, when the organic

component is dominant the samples are not scattering and therefore not
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Figure 2.24: Fluorescence quantum yields (QY) of the samples as a function of the

mixture composition. QYs were estimated for excitation near the absorption maxi-

mum, and a dilute solution of HITCI in ethanol was used as reference (QY = 28.3%,

λexc = 680 nm). The inset is a magnification of the region with low QY.

suitable for DLS analysis. This indicates that when the water fraction is

lower than 50% the principal species is the solvated monomer, while aggre-

gates, if present, are less abundant. Conversely, an excess of water promotes

the formation of nanosuspensions.

All the investigated samples are highly polydisperse (the polydisper-

sity index obtained from cumulant analysis is higher than 0.25) revealing

the formation of heterogeneous particles. The experimental autocorrela-

tion function was fitted with a multi-exponential distribution, yielding a

dominant population with a diameter ranging between 40 and 130 nm, as

reported in Table 2.10, and sometimes a minor population of smaller parti-

cles (< 10 nm). The mean diameter of the dominant population is sensitive

to the mixture composition and decreases as the water content is increased

from 70% to 90%, before increasing again in 100% water mixtures, in a

similar trend for all the chromophores. Under the same conditions, the two

dyes bearing branched chains on the dithienylsilyl core (SilEHCAO and

SilEHCAEH) undergo self-assembly into bigger aggregates of similar size,

indicating the key role played by the central site on the morphology of the

system.

More information on the aggregated species was gathered from the com-

parison between excitation and emission spectra collected at different emis-
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Table 2.10: Mean diameter of the particles formed in the THF/water mixtures

obtained from DLS measurements on freshly prepared samples. Only the main

component of the (multimodal) distribution is shown, and the corresponding am-

plitude is reported in brackets.

Compound %water Mean diameter/nm (%)

SilOCAO

70 90± 1 (87%)

80 61± 3 (88%)

90 44± 2 (95%)

100 64.0 ± 0.6 (96%)

SilOCAEH

70 84± 1 (90%)

80 58± 1 (91%)

90 48.1 ± 0.9 (100%)

100 59.4 ± 0.6 (97%)

SilEHCAO

70 119± 5 (93%)

80 76± 3 (95%)

90 58± 3 (98%)

100 87± 5 (97%)

SilEHCAEH

70 125.7 ± 0.5 (96%)

80 76± 4 (96%)

90 61± 4 (98%)

100 76± 2 (100%)
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Figure 2.25: Excitation (left panels) and emission (right panels) spectra of SilO-

CAO and SilEHCAEH in 50:50 THF:water mixtures collected for different emis-

sion/excitation wavelengths, indicated by the coloured arrows.

sion/excitation wavelengths. For clarity we will focus on the spectra of

two representative dyes differently core-substituted, SilOCAO and SilE-

HCAEH in 50% water mixtures, where all three emission features are

present (Figure 2.25).

When emission is detected at the lowest-energy maximum (λ ≈ 770 nm)

the excitation spectrum almost coincides with the excitation spectrum of

THF solution, and suggests the presence of free (solvated) monomer (phase

I). Upon detection on the intermediate maximum (λ ≈ 900 nm), the excita-

tion spectrum contains the absorption of THF solution plus a shoulder on

the red edge, characterizing the aggregated phase(s). Indeed, in this region,

even if we are detecting in proximity of the fluorescence maximum of phase

II, there is a significant contribution from the neighbouring emission of phase

I and III. Finally, when emission is collected on the lowest-energy maximum

(λ ≈ 1000 nm) or at lower energies, the excitation spectrum coincides with

the absorption spectrum of the sample. For mixtures with water content

higher than 50% (not shown) excitation spectra are basically independent

of the emission wavelength and coincide with the corresponding absorption
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spectra. This could be due to efficient energy transfer from phase II to

phase III, which requires the cohexistence of both phases inside the same

particle and the spectral overlap between the emission spectrum of II and

the absorption spectrum of III or, more trivially, it can be a consequence of

the similar quantum yield and the proximity of the emission spectra of the

fluorophores which prevents the selective collection of the emission from one

of them.

The contributions of the emissive species to the absorption/excitation

spectrum are more difficult to resolve because of the very large and overlap-

ping bands. For excitation on the maximum of the solution-like excitation

band (λ < 600 nm) the emission spectrum features the dominant emission

of phase I with a tail at longer wavelengths, due to the partial excitation of

phase II and/or III. For excitation in the 600-650 nm range, in proximity of

the absolute absorption maximum of the mixture, all the emission bands are

recovered. Finally, for excitation below 700 nm, only the emission contribu-

tions at λ ≈ 900 and λ ≈ 1000 nm are retrieved with similar intensity, while

the contribution at λ ≈ 770 nm vanishes. This wavelength-dependence of

emission suggests that the absorption of phases II and III occur at lower

energy with respect to the absorption of phase I.

In order to separate the contributions of the emitting species and inves-

tigate their evolution with the mixture composition we performed a fit of

fluorescence spectra of two dyes (SilOCAO and SilEHCAEH) collected

for excitation at the maximum of absorption (Figure 2.26 and 2.27) [131].

Each spectrum was fitted on the wavenumber scale adopting the least

squares method with a sum of Gaussian functions of the form

I(ν̃) =
n

∑

i=1

Gi(ν̃) (2.20)

with

Gi(ν̃) = ai exp
(ν̃ − bi)2

2c2
i

(2.21)

All parameters (ai, bi and ci) were allowed to readjust freely in order to

minimize the error. We fixed n = 1 − 3 depending on the mixture, obtain-

ing good quality results. Inspection of the fits suggests that the emission

spectrum at any composition can be decomposed in the sum of three types

of Gaussian functions: G0, peaking at ∼ 12700 cm-1 (∼ 790 nm), which is
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Figure 2.26: Deconvolution of SilOCAO emission spectra in selected THF/water

mixtures (on the panels the % of water). Top panels: experimental spectra (black

lines) were deconvoluted as the sum of three Gaussian functions, G0 (orange), G1

(blue) and G2 (green). Results of the fit are reported in red and labelled with

the corresponding chi-squared value (χ2) and correlation coefficient (r). Bottom

panels: evolution of G0, G1 and G2 following an increase of %water, as indicated

by the arrow.
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Figure 2.27: Deconvolution of SilEHCAEH emission spectra in selected

THF/water mixtures (on the panels the % of water). Top panels: experimental

spectra (black lines) were deconvoluted as the sum of three Gaussian functions,

G0 (orange), G1 (blue) and G2 (green). Results of the fit are reported in red and

labelled with the corresponding chi-squared value (χ2) and correlation coefficient

(r). Bottom panels: evolution of G0, G1 and G2 following an increase of %water,

as indicated by the arrow.
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only contributing to 30% and 50% mixtures and roughly corresponds to the

emission of phase I, G1, peaking at ∼ 11300 cm-1 (∼ 890 nm) and G2, peak-

ing at ∼ 9900 cm-1 (∼ 1010 nm), which are both present in the mixtures

with more than 30% water and correspond to phase II and III, respectively.

As the water fraction increases, the peak of phase I looses intensity and

vanishes, while at the same time the peak related to phase II increases and

that of phase III decreases concomitantly, indicating a different stability of

the phases. Indeed, the composition of the mixture can be tuned to modify

the relative abundancy of the aggregated species.

Similarities and differences between spectroscopic properties of the dyes

in the various aggregation states can be appreciated looking at Figure 2.28.

Aggregation either in the solid state or in the water/THF mixtures is re-

sponsible for the broadening and the batochromic shift of both absorption

bands, with the appearance of a shoulder in the 700-800 nm range.

Most notably, fluorescence properties are strongly dependent upon the

aggregation state. The emission bands of phases II and III characterizing

the THF/water mixtures match the emission spectra of ground and pris-

tine powders respectively, suggesting that the aggregates which are sponta-

neously formed in presence of a nonsolvent are characterized by the same

packing motifs of the solid state.

Summarizing, starting from non-interacting molecules in THF solution,

the addition of water leads to the spontaneous formation of aggregates.

When the water fraction is the minor component (≤ 50%) there is a resid-

ual solution-like (solvated) phase, called phase I, in addition to two aggre-

gated phases, phases II and III, whose formation is induced by the pres-

ence of water. Compared to the solvated monomer in THF, both phases

are characterized by red-shifted absorption and emission spectra. These

two phases cannot be distinguished in absorption because of the broad ab-

sorption bands, however they emit at different wavelengths (λ ≈ 900 and

λ ≈ 1000 nm respectively) with a low quantum yield (< 1%).

The spectroscopic signatures of II and III are independent of the mix-

ture composition, indeed the composition affects their relative abundancy,

with II being favoured in mixtures richer in water. Considering the spectral

features of phases II and III, we found similarities with the solid state: II

has the same emission of ground powders (and probably also absorbs in the
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Figure 2.28: Absorption and emission spectra of the dyes in different aggregation

states: THF solution (black line), THF/water mixture (50:50 ratio, red line), pris-

tine and ground powders (green and blue lines, respectively).
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same region), while emission of III is more similar to that of pristine pow-

ders. Accordingly, III may be more crystalline or characterized by longer

and/or 3D extended stacks with respect to II, and gentle grinding of the

powders converts almost quantitatively III into II, breaking the weak in-

termolecular interactions. Moreover, the organic solvent (THF) could play

a role in assisting the formation of phase III, exerting a sort of template

effect, and thus explaining why phase III is less abundant in mixtures rich

in water. X-ray diffraction studies on pristine and ground powders could

add more information in support of this hypothesis.

We can also conclude that the nature of the alkyl chains is irrelevant in

solution but assists the aggregation of the dyes in the solid state and in the

nanosuspensions. In the aggregated states SilOCAO behaves like SilO-

CAEH, while SilEHCAEH shows the same properties of SilEHCAEH,

suggesting that intermolecular interactions are driven by the chains on the

central moiety.

We can envisage that the central chains play a more strategic role in self-

assembly: they are linked to the same atom and their bulkiness is crucial in

the definition of the intermolecular contacts and distances. Indeed, the main

differentiation in the solid state concerns the crystalline phase (phase III),

which could be characterized by different interplanar distances, according

to the different space required for accommodating linear (SilOCAO and

SilOCAEH) or branched (SilEHCAO and SilEHCAEH) alkyl chains.

Phases II and III can be considered an example of the so-called non-

fluorescent J-aggregates (or, equivalently, red-shifted H-aggregates) [129–

131, 344]. Indeed, aggregation is accompanied by a batochromic shift of

the absorption band, as it occurs for standard J-aggregates, however they

undergo fluorescence quenching, which is instead a typical feature of H-

aggregates.

This phenomenon was already pointed out in aggregates of quadrupolar

and quadrupolar-like chromophores [130, 131, 345, 346]. Theoretical mod-

els including ESMs unraveled the electronic origin of this intriguing be-

haviour, relating emission quenching to the presence of a low-energy dark

state [129,130,344]. Non-fluorescent J-aggregates are not expected based on

the standard excitonic approximation and are peculiar of polar and polariz-

able chromophores, as this family of multipolar dyes.
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2.6 Conclusion

The design and preparation of molecular materials with improved optical

responses require both the development of reliable predictive models relat-

ing the optical properties of collections of molecules, e. g. nanoclusters or

crystals, to the supramolecular organization of the aggregate and the specific

intermolecular interactions, and the mastering of experimental techniques to

induce the self-assembly of the molecular synthons into the sought architec-

ture. Both aspects were covered in this Chapter, through the presentation

of selected case studies of different complexity.

In the first one we examined a dimeric structure obtained by covalent

linkage of two equivalent NI derivatives, and we established a connection

between its optical properties in solution, its electronic structure and geo-

metrical arrangement of the monomeric units. Through a detailed (TD)DFT

study we demonstrated that the spectroscopy of this system is dominated

by localized excitations, and the coupled NI-NI system can be satisfactorily

described within the excitonic scheme as a standard J-dimer, explaining the

batochromic shift in absorption and the increase of emission quantum yield.

As expected based on the excitonic picture, the triplet manifold is un-

affected by the intermolecular interactions, which are approximated with

interactions between the corresponding transition densities, and are vanish-

ing for forbidden singlet-to-triplet excitations. Interestingly, according to

our calculations, the NI-NI dimer, characterized by sizeable triplet quantum

yield, possess two degenerate triplet states (T1 and T2) at almost half the

energy of the S0 → S1 transition. This property, together with the good

emission intensity in the blue region, makes the dimeric NI-NI an interest-

ing candidate for energy upconversion through TTA, and future work will

explore in more detail its suitability.

As the following step, we explored the limits of the exciton approach,

focusing on aggregates of polar and polarizable molecules, which strongly

interact through electrostatic forces which are typically larger than their

excitation energies. For the first time we addressed the effect of aggregation

on phosphorescence of CT chromophores, combining two complementary

theoretical approaches: DFT and ESMs.
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Following the ESM strategy, we built a simple three-state model de-

scribing absorption and phosphorescence spectra of an ideal push-pull chro-

mophore and, in a bottom up strategy, we extended it to account for the

intermolecular electrostatic interactions in a molecular dimer. For the dimer,

fairly large deviations of phosphorescence energy are predicted compared to

the noninteracting monomers, whose magnitude and sign depend upon the

geometrical arrangement of the molecules in the aggregate. The phosphores-

cence energies obtained with this model could be quantitatively reproduced

following a mean-field approach, i. e. solving a single-molecule problem in

the self-consistent field generated by the surrounding molecules, indicating

this phenomenon is the dominant effect as far as phosphorescence spectra

are concerned. This general result applies to every polar/polarizable chro-

mophore, and suggests how phosphorescence tuning can be achieved through

the control over molecular packing.

In this framework, we also examined a specific case study which, in spite

of the intrinsic complexity of the system preventing the application of the

ESM approach, offered a valid demonstration of the statements above. The

target chromophore was a dinuclear Rhenium(I) complex undergoing MLCT

and featuring two polymorphs characterized by high phosphorescence inten-

sity and different emission colours. Through TDDFT calculations on a sin-

gle molecule surrounded by the charge distribution of the nearest-neighbour

molecules we were able to accurately reproduce the phosphorescence shift

between the two polymorphs, confirming its mean-field origin.

In a broader perspective, we can conclude that mean-field effects, com-

pletely neglected in the standard excitonic scheme, are a fundamental ingre-

dient for the correct understanding of the spectroscopy of aggregates made

of CT dyes, and must be included in the theoretical models to set the cor-

rect scenario for the full understanding and exploitation of the cooperative

effects arising from aggregation.

The last part of this Chapter discussed the experimental work on a family

of multipolar near-IR emitting dyes decorated with different alkyl groups and

designed to study the relationship between chemical structure, supramolec-

ular organization, and optical properties. We found that, both in the solid

state and in solvent/antisolvent mixtures, these dyes arrange spontaneously

into two phases characterized by different absorption/emission spectra and
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low fluorescence quantum yield. Most interestingly, the abundancy of these

phases can be easily controlled by external stimuli, such as gentle grinding of

the powders or a variation of the mixture composition, allowing to get a con-

trol over the spectroscopic properties. This intriguing behaviour is related

to the subtle balance between the intermolecular interactions promoted by

the rigid conjugated skeleton of the chromophores and those driven by the

bulky and flexible side chains, and offers an interesting design strategy for

the modulation of the materials optical properties through supramolecular

engineering.



Chapter 3

Energy and electron transfer

in calixarene-based dyads

3.1 Introduction

Energy and electron transfer are fundamental processes in chemistry and

life sciences [151, 152, 347–349]. They occur in a variety of materials, from

organic dyes to metal complexes, from nanoparticles and nanocrystals to

dendrimers and polymers, including biomolecules and proteins, and are rel-

evant both in natural and technological applications [350].

Excitation energy transfer (EET) and electron transfer (eT) constitute

the essential steps of photosynthesis, a process converting sunlight into

chemical energy naturally occurring in plants, algae and some bacteria

[67, 351]. These organisms possess specific units fitted for the purpose, the

photosynthetic units (PSU), consisting in a reaction center (RC), devoted

to the photochemical reactions, surrounded by arrays of light-harvesting

(LH) complexes containing hundreds of chlorophylls. Only few of them are

directly involved in the chemical transformations, while the majority play

the role of light-harvesting antennae, absorbing solar energy and funnelling

the electronic excitation towards the RC [352]. Light-harvesting antennae

of the external LH complexes initiate a cascade energy-transfer process to-

wards the inner complexes, eventually conveying the excitation to the RC,

where a sequence of electron-transfer events stabilizes a long-lived charge-

separated state, creating an electrochemical gradient which provides the

139
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driving force to the chemical reactions. Overall, excitation energy trans-

fer as performed within a PSU is a well-organized process whose efficiency

approaches unity [353].

The quest for clean and renewable energy sources on a global scale mo-

tivated an increasing interest on the study of natural photosynthesis, as a

model for solar energy conversion. Indeed, biomimetic systems, mimicking

the supramolecular organization and function of natural PSU are promising

artificial systems for the conversion of sunlight [354].

So far, research focused on the synthesis of artificial models based on

covalent or supramolecular architectures simulating light-harvesting anten-

nae, or more complex systems combining an antenna and a reaction cen-

tre [355–357].

Artificial systems are not only candidate to work as active units in op-

toelectronic devices [358, 359], but are also simplified models to study the

physical and chemical factors affecting EET and eT processes, as well as

their interplay in the photosynthetic route, with the aim of finding guide-

lines for the design and optimization of efficient devices [360,361].

Research is not only devoted to improve the optical properties of chro-

mophores, but also to optimize the molecular architecture of the network,

paying attention to the type of interconnections, distance and orientation

between the dyes, which also have a fundamental impact on the performance

of EET and eT [362]. Moreover, also the medium in which the system is

embedded perturbs EET and eT processes, and its effect has to be carefully

investigated [134,363].

The simplest model systems for the investigation of EET and/or eT are

dyads or triads [364–373]. A dyad is a bichromophoric system in which a

pair of active units (chromophores), an energy and/or electron donor and

an energy and/or electron acceptor, are covalently bridged by a suitable

scaffold. This essential architecture allows to play with the identity of the

chromophores but also with the nature of the bridge, which is of paramount

importance in defining the intermolecular interactions [374–376].

In this Work, we considered model dyads for EET and eT studies in

which the role of the bridge is played by a calix[4]arene. Covalent linkage

of the chromophores to a calix[4]arene scaffold offers several advantages.

Firstly, calix[4]arenes are highly versatile structures, as they can be eas-
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ily functionalized at specific sites, guaranteeing good control on interchro-

mophoric distance and orientation [377]. Moreover, calix[4]arenes can be

immobilized in one out of four different conformations (cone, partial cone,

1,2-alternated and 1,3-alternated) affecting the mutual orientation of the

substituents as well [378]. The residual conformational mobility of the calix

modulates the distance between the substituents on the upper rim [379], ac-

cording to the specific attractive or repulsive interactions [380], and can be

triggered by external stimuli such as a variation of temperature or solvent

polarity [381].

Calixarene-based systems undergoing EET and/or eT were largely in-

vestigated as fluorescent probes for ions [382], however only a few examples

of calix[4]arene-based dyads especially designed for EET and eT studies are

reported in the literature [381,383–386].

In this Chapter we will offer a detailed investigation of EET and eT

in a series of novel calixarene-based dyads developed in collaboration with

Prof. Laura Baldini and Prof. Francesco Sansone from University of Parma,

who were in charge of the chemical synthesis. After providing a brief and

general introduction to EET and eT, we will describe the characterization of

a few bichromophoric systems explicitly designed for EET, based on pairs of

boron-dipyrromethene (BODIPY) dyes, that will allow the investigation of

the effect of solvent polarity and calix conformation on EET efficiency [387].

Moving on, we will examine the interplay between EET and eT in a Nile Red

- fullerene bichromophoric system. Finally, we will focus on an application

of EET in a molecular dyad in which the conformational mobility of the

calix scaffold can be exploited for temperature sensing [388].

3.2 Energy transfer

Excitation energy transfer (EET) is a process in which electronic excitation

migrates from an excited chromophore, called energy donor (D), to another

chromophore, the energy acceptor (A), initially in its ground-state. D and

A can be identical chemical species, in this case the process is called ho-

motransfer, or different species, and in this case it is called heterotransfer.

Similarly, D and A can belong to the same molecule or to different molecules,

and EET is referred to as intramolecular or intermolecular transfer, respec-
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tively. Also multiple donor/multiple acceptor systems may be involved in

the process, however, in the following, we will focus on a single D −A pair,

as relevant to this Work.

EET can occur either radiatively or non-radiatively. Radiative EET

is the simplest process, and follows two sequential steps. The first step

corresponds to the de-excitation ofD with concomitant emission of a photon,

while the second step consists in the absorption of the emitted photon by

A, as described by the following:

D∗ → D + hνD (3.1)

A+ hνD → A∗ (3.2)

In the chemical equations above D∗ labels the excited donor and hνD is the

energy of the photon emitted by the donor.

Radiative transfer does not require an interaction between D and A; the

only conditions are that the emitted photons reach the acceptor and their

energy match its transition energy, i.e. a finite overlap must exist between

the emission spectrum of D and the absorption spectrum of A. This kind

of EET is of no practical interest and belongs to the so-called inner filter

effects which one wants to avoid in spectroscopic measurements, for example,

operating on diluted solutions.

More interesting to our purposes is nonradiative energy transfer, which

takes place under near field conditions, i.e. when the distance between D
and A is shorter than the wavelength of the photon. Under this condition,

de-excitation of D and excitation of A occur in a single step, without the

emission of real photons (a so-called virtual photon is exchanged):

D∗ +A → D +A∗ (3.3)

where the asterisks mark excited species. Nonradiative EET occurs at dis-

tances typically shorter than 10 nm, and requires an interaction between the

partners involved. At very short distances, where a finite overlap is present

between the electronic wavefunctions of donor and acceptor, EET occurs via

electron exchange, according to the so-called Dexter mechanism. When the

distance is larger and intermolecular orbital overlap can be neglected, EET

is mainly due to Coulombic interactions.
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The strength of the interaction determines the mechanism of EET. In

the strong coupling regime, occurring when the interchromophoric coupling

is larger than the exciton-bath coupling, the electronic states of the donor

and those of the acceptor are largely mixed, and the resulting states are

delocalized over both units. In this case the excitation oscillates between D
and A in a coherent process. Coherent EET was experimentally found in

photosynthetic organisms, even if its role in photosynthesis is still subject

to debate [389–392].

When the coupling between D and A is much weaker than the coupling

to the bath and EET is slower than vibrational relaxation of the donor

and the bath, we are in the so-called weak coupling regime. The theory

describing EET in the weak coupling regime was originally proposed by

Förster [393], and was validated by experimental findings on a few model

systems [394–396]. Förster theory relates the mechanism of EET to experi-

mental observables, and is widely adopted today. EET is sometimes known

as FRET, as the acronym of Förster (or fluorescence) Resonance Energy

Transfer, and will be described in detail in the following.

3.2.1 Förster theory for energy transfer

In the weak coupling limit EET (hereafter FRET) occurs on a nanosecond

timescale, i.e. much slower than the internal conversion processes, typically

characterized by picosecond dynamics. This means that D∗ relaxes to the

lowest excited-state through internal conversion before transferring the exci-

tation to A, as sketched in Figure 3.1. This implies that the virtual photons

absorbed by A are those associated with the fluorescence of D. After energy

transfer has been completed, the acceptor itself relaxes to the ground-state

through its characteristic radiative and/or nonradiative channels.

According to Förster, the interaction between donor and acceptor is de-

scribed adopting the perturbative theory. The rate of the process described

by Eq. 3.3, kF RET , can be expressed through the Fermi golden rule:

kF RET =
1
~2
| 〈ψD∗(1)ψA(2)| Ĥ ′ |ψD(1)ψA∗ (2)〉 |2δ(νD − νA) (3.4)

In the equation above ψD∗(1)ψA(2) and ψD(1)ψA∗ (2) are the initial and

final wavefunctions of the coupled system respectively, with numbers 1 and

2 labelling the electrons, while νD and νA are the frequencies of the virtual
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Figure 3.1: Excitation energy transfer (FRET) in the weak coupling regime. Scheme

of the process: after photoexcitation, the energy donor D transfers its excitation

energy to the energy acceptorA, which then relaxes to the ground state e.g. through

fluorescence emission. The energy of the virtual photon emitted by D (dashed green

arrow) must correspond to a transition energy of A.
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photon emitted by D and absorbed by A, respectively. Accordingly, FRET

can occur only if de-excitation of D and excitation of A are isoenergetic.

Ĥ ′ is the Hamiltonian describing the electrostatic interaction between the

FRET partners:

Ĥ ′ =
1

4πε0n2

e2

r
(3.5)

where ε0 is the vacuum permittivity, n is the refractive index of the medium,

e is the charge of the electron and r is the distance between the donor and

the acceptor. The matrix element

V =
e2

4πε0n2
〈ψD∗(1)ψA(2)| 1

r
|ψD(1)ψA∗ (2)〉 (3.6)

describes the electrostatic interaction between the transition charge density

of the donor and the transition charge density of the acceptor.

In the classical picture, the excited donor is associated to an electric

dipole oscillating at frequency νD, which generates an electric field in the

surrounding. The oscillating field can drive into resonance a molecule of A
which is located close enough, provided that it matches one of its natural

frequencies νA. If the strength of the electric field generated by D is sufficient

and the species are nearby, conditions for FRET are met, and A starts

oscillating as well.

When the interchromophoric distance r is larger than the dimension of

the FRET partners, as it is often the case in the weak coupling regime,

the interaction V can be written in the dipolar approximation, i.e. as the

interaction between the transition dipole moments of D and A:

V =
1

4πε0n2

−→µ D · −→µ A − 3(−→µ D · R̂DA)(−→µ A · R̂DA)
r3

(3.7)

where we indicated with −→µ D and −→µ A the emission dipole moment of D
and the absorption dipole moment of A respectively, and R̂DA is the versor

defining the line connecting their origins (Figure 3.2). Based on geometrical

arguments, Eq. 3.7 can be recast as:

V =
1

4πε0n2

|−→µ D||−→µ A|
r3

(cos θT − 3 cos θD cos θA)

=
1

4πε0n2

|−→µ D||−→µ A|
r3

k

(3.8)
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Figure 3.2: Transition dipole moments related to the de-excitation of the energy

donor (−→µ D) and the excitation of the energy acceptor (−→µA) and definition of the

angles entering the expression for the orientational factor k (Eq. 3.8).

with the angles θT , θD and θA defined as in Figure 3.2. The term k is

called orientational factor and only depends on the relative orientation of

the dipoles.

A more convenient expression relating kF RET to experimental observ-

ables can be derived from Eq. 3.4 exploiting the definition of absorption and

emission spectra. Omitting the demonstration, the expression for the FRET

rate reads:

kF RET =
QDk

2

τDr6

(

9000(ln 10)
128π5Nn4

) ∫ ∞

0
FD(λ)εA(λ)λ4dλ (3.9)

where QD and τD are the fluorescence quantum yield and lifetime of the

donor in the absence of FRET, r is the donor-acceptor distance, N is the

Avogadro number and n is the refractive index of the medium. FD(λ) is the

fluorescence spectrum of the donor (on the wavelength scale) normalized to

unit area, while εA(λ) is the molar extinction coefficient of the acceptor in

units of mol-1 L cm-1. All wavelengths are expressed in nm.

The last term of Eq. 3.9 is also called overlap integral, J :

J =
∫ ∞

0
FD(λ)εA(λ)λ4dλ (3.10)
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Figure 3.3: Requirements for FRET. (a) Representation of the spectral overlap

(greyed area) between emission of D and absorption of A. (b) Relationship between

FRET efficiency φF RET and interchromophoric distance r. The Förster radius R0

is the distance at which φF RET = 0.5.

and is in units of mol-1 L cm-1 nm4. Practically, it expresses the degree of

spectral overlap between the emission of the donor and the absorption of

the acceptor.

Eq. 3.9 summarizes all the requirements for FRET. Even if the process

does not imply emission of real photons, kF RET is proportional to the fluo-

rescence quantum yield of the donor and the inverse of its lifetime, so that

the ideal donor should be a bright emitter with fast decay kinetics. More-

over, a finite and possibly large overlap between the donor emission and the

acceptor absorption must exist in order to guarantee high energy transfer

rate (Figure 3.3 (a)), and acceptors with high molar extinction coefficient

also favour FRET, through the increase of J . The term k2 depends on

the relative orientation of the transition dipole moments of D and A. It can

range from 0, for perpendicular dipoles, to 4 for head-to-tail parallel dipoles.

In solution, rotational diffusion of the fluorophores during the excited-state

lifetime causes a randomization of their orientation, and under this condi-

tion k2 = 2/3, which is usually assumed for chromophores which are free

to rotate in solution. In some special cases, e.g. in rigid matrixes or con-

strained D −A pairs, k2 = 0 may occur leading to kF RET = 0. Finally, the

interchromophoric distance enters as the inverse of the sixth power, implying

a large effect on kF RET .

The quantities QD, τD and J are easily accessible from basic spectro-

scopic investigation of the isolated donor and acceptor. However, the in-
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terchromophoric distance and the FRET rate kF RET are more difficult to

estimate.

The problem can be simplified introducing the Förster radius R0, defined

as the distance at which the FRET rate equals the decay rate of the isolated

donor. Substitution of r = R0 and kF RET = τ−1
D into Eq. 3.9 allows to

write R0 as a function of k2, QD and J :

R6
0 =

9000(ln 10)
128π5Nn4

k2QDJ (3.11)

It follows that, for a given FRET pair, the Förster radius can be easily

extracted from experiment in the absence of energy transfer. Typical values

of R0 range from 20 to 60 Å [151]. Accordingly, the rate of FRET can be

rewritten as

kF RET =
1
τD

(

R0

r

)6

(3.12)

which highlights its dependence on the ratio between the Förster radius and

the donor-acceptor distance.

Another useful quantity is the efficiency of energy transfer, φF RET , indi-

cating the fraction of photons absorbed by the donor which are transferred

to the acceptor. φF RET is defined as the ratio of the FRET rate to the total

decay rate of the donor in presence of the acceptor, which includes energy

transfer and all other decay processes:

φF RET =
kF RET

τ−1
D + kF RET

(3.13)

Combination of Eq. 3.12 and 3.13 gives

φF RET =
R6

0

R6
0 + r6

=
1

1 + ( r
R0

)6
(3.14)

The dependency of φF RET on the interchromophoric distance is shown in

Figure 3.3 (b). The efficiency is sensitive to distance in proximity of R0.

When r = R0 the efficiency amounts to 50%, while it quickly increases

to 1 for r < R0 becoming the main decay channel of the donor. On the

opposite φF RET decreases steeply to 0 for r > R0. Once R0 is known,

the experimental measurement of φF RET (see below) allows to estimate the

interchromophoric distance, exploiting FRET as a ‘spectroscopic ruler’ [71,

397]. However, because of the strong dependence on distance, measurements

of r can be considered reliable only in the range 0.5R0 < r < 2R0 [151].
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3.2.2 Measurement of FRET efficiency

Within the Förster theory, a few methods can be exploited for the measure-

ment of φF RET in D−A pairs separated by a fixed distance. The most widely

adopted methods include a time-resolved and three steady-state methods,

and will be briefly reviewed in the following [151,152].

Method I. The time-resolved method is based on the observation that

the lifetime of the energy donor is reduced in presence of FRET. This method

requires the measurement of the donor lifetime in the absence and in presence

of the acceptor, and estimates the efficiency as follows:

φF RET = 1−
τD(A)

τD
(3.15)

where τD(A) (τD) denotes the lifetime of the donor measured in presence

(absence) of the acceptor.

Method II. The FRET efficiency can also be estimated evaluating the

FRET-induced quenching of the donor, from the comparison between emis-

sion intensities (or quantum yields) of the donor in presence and in absence

of transfer:

φF RET = 1−
FD(A)

FD
= 1−

φD(A)

φD
(3.16)

where FD(A) (φD(A)) and FD (φD) are the fluorescence intensities (quantum

yields) of the donor in presence or in absence of the acceptor respectively.

Methods I and II are direct methods, i.e. they are based on the direct

observation of the FRET effect on the energy donor. However, in order

to apply them, the residual emission of the donor must be intense enough

to guarantee a reliable measurement of fluorescence intensity or lifetime.

Similarly, the donor lifetime in presence of the acceptor must be within the

time resolution of the instrumental setup, to allow for its measurement. In

other words, these methods can be adopted only when φF RET < 1.

If the acceptor is also fluorescent, other two indirect methods can be

applied, which focus on the emission from the acceptor.

Method III. FRET constitutes a source of excitation energy for the

acceptor, increasing its fluorescence intensity. Sensitization of the acceptor

emission allows for the estimation of φF RET upon selective excitation of the

donor according to the following:

φF RET =
εA(λex

D )
εD(λex

D )

[

IA(D)

IA
− 1

]

(3.17)



150 Chapter 3. Energy and electron transfer

where εA/D is the molar extinction coefficient of the acceptor/donor at the

excitation wavelength λex
D , IA is the emission intensity of the energy acceptor

in the absence of the energy donor, and IA(D) is the emission intensity of

the acceptor in presence of the donor.

Method IV. The last method relies on the comparison between the

absorption and the excitation spectra of the D −A system, where the exci-

tation spectrum is collected for detection of the photons emitted by the sole

acceptor. Absorption and excitation spectra are normalized at the absorp-

tion band of the acceptor. In the limiting case of φF RET = 1 the spectra

should perfectly match, conversely, in the absence of transfer, only the accep-

tor band should be observed in the excitation spectrum. In the intermediate

situations the FRET efficiency can be obtained from the ratio between the

excitation and absorption intensities of the donor in the region in which only

the donor absorbs. In more quantitative terms:

φF RET =
I(λD)
A(λD)

(3.18)

where I and A denote excitation and absorption spectra at wavelength λD

at which the absorption of the acceptor can be neglected. If the absorp-

tion bands of donor and acceptor are largely overlapped, a fitting procedure

is required to extract the donor contribution to the spectra of the bichro-

mophoric system.

3.3 Electron transfer

Electron transfer (eT) is a reaction in which an excess of charge initially

localized on the electron donor, D, spontaneously migrates on the electron

acceptor A, as expressed by the following:

D
− + A→ D + A

− (3.19)

Donor and acceptor may be separate chemical entities or belong to the same

species, accordingly, the process is named intermolecular or intramolecular

eT, respectively. In both cases, the structure formed by D and A under-

going eT is called donor-acceptor (D − A) complex. Independently of the

mechanism and the species involved, eT requires the overlap between the
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Figure 3.4: Sketch of the electron transfer (eT) process. (a) An electron migrates

from the LUMO of the donor to the LUMO of the acceptor. (b) Photoinduced eT:

the excited electron of the donor moves to the LUMO of the acceptor.

frontier orbitals of donor and acceptor, so that short distance between the

eT partners is a prerequisite for the process [398].

A representation of the eT reaction expressed by Eq. 3.19 is provided

in Figure 3.4 (a) where, for simplicity, only the frontier molecular orbitals

(HOMO and LUMO) of the D− A complex are shown. The excess charge

initially occupies the LUMO of D and then migrates on the LUMO of A.

A favourable alignment of the energy levels of donor and acceptor, with

the LUMO of A at a lower energy than the LUMO of D, guarantees the

spontaneity of the process.

Another eT mechanism, more relevant to this Thesis work, is the so-

called photoinduced eT (Figure 3.4 (b)). In this case the donor is initially in

an excited-state before donating one electron to the acceptor, as described

by:

D
∗ + A→ D

+ + A
− (3.20)

where the asterisk marks the excited species. The way in which the excita-

tion on D is created, for example irradiation with an external energy source

or, as in photosynthesis, energy transfer, is irrelevant to the eT process.

Photoexcitation of the donor creates a bound electron-hole pair, usually

called exciton, characterized by its binding energy which, for organic mate-

rials, is typically on the order of 0.4 eV. eT occurs spontaneously only if the

energy difference between the LUMO of the donor and the LUMO of the
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Figure 3.5: Potential energy surfaces (PES) relevant to the eT process along coor-

dinate q. UR and UP are the diabatic PES of reagents and products, characterized

by equilibrium positions at qR and qP , respectively. U+ and U− (dashed lines) are

the adiabatic PES originated from the mixing of the diabatic curves. The adiabatic

states are split by 2|VRP | at the crossing point of the diabatic curves, q∗.

acceptor is larger than the exciton binding energy, guaranteeing an energy

gain. At the same time, the HOMO of the acceptor must be lower in energy

than the HOMO of the donor to avoid a backward eT, that would lead to

charge recombination. To this aim, the lifetime of the exciton should be

long enough to allow eT from D to A and the kinetics of the forward and

backward processes must occur on different timescales.

An intermolecular eT reaction may occur at several distances and ori-

entations between D and A, requiring the averaging over all the possible

configurations of the D− A complex. Conversely, intramolecular eT occurs

at fixed D− A distance and can be treated within a more simple formal

description. In the following, we will focus on intramolecular eT only, which

is the process applying to the dyads presented in this Work.

The variation of charge distribution occurring during the eT reaction

affects the electrostatic field of the D−A complex, driving the nuclei to a
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new equilibrium position. At the same time, if the complex is embedded

in a polarizable environment, for example a polar solvent, eT may induce

a rearrangement of the configuration of the surrounding medium as well.

Therefore, an eT process is coupled to all vibrational modes and all solvation

coordinates of the system. For simplicity we will focus on a single generic

coordinate q (Figure 3.5).

The energy of the reactants as a function of q defines the potential energy

surface (PES) UR, characterized by a minimum at q = qR, corresponding to

the equilibrium configuration of the reactants. The PES for the products,

UP , is characterized by the equilibrium position qP . In the most general case

qR 6= qP and the two PES cross at q = q∗. The curves UR and UP correspond

to the diabatic representation of the problem, i.e. to the representation in

the absence of interaction between donor and acceptor. The interaction

leads to the mixing of the diabatic states, resulting in a splitting of 2|VRP |
at q = q∗ (see the adiabatic curves U+ and U− in Figure 3.5), where VRP is

the interaction energy between the states of reactants and products.

VRP is a key quantity in the eT theory, since its magnitude defines the

mechanism of the process. In more quantitative terms, we should compare

the characteristic time of the transfer τe, with the characteristic time of

nuclear motion τv. The former is proportional to the time needed for the

displacement of the electronic wavefunction from the reactant state to the

product state at the crossing point q∗, and is related to VRP :

τe =
h

|VRP |
(3.21)

where h is the Planck constant. The latter depends on the vibrational

frequency ωv:

τv =
2π
ωv

(3.22)

For τe ≪ τv, eT is faster than nuclear vibration, therefore it occurs at

a frozen nuclear configuration. This process, also called adiabatic eT, oc-

curs when VRP is large enough to induce a sizeable splitting of the curves

U+ and U−. In this case the whole process occurs on the lowest PES only

(U−) which features a double minimum. It is the typical case of a thermally

activated reaction evolving from the reactant minimum to the product min-

imum through the crossing of a barrier, whose rate keT is described by the
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standard Arrhenius equation:

keT ∝ exp
(−Eact

kBT

)

(3.23)

where Eact denotes the activation energy of the process, kB is the Boltzmann

constant and T is the temperature.

On the opposite, if nuclear vibrations are much faster than eT (τe ≫ τv),

we are in the so-called nonadiabatic regime, typical of small VRP . This case

can be described resorting to a perturbative treatment, where the diabatic

states coincide with the unperturbed states. At the lowest order (Fermi

golden rule), eT occurs when the energy levels of the reactants and products

are degenerate, i.e. at q = q∗, with a probability |VRP |2. At the same

time, we have to take into account the probability of reaching the crossing

region q∗, which is given by the exponential in Eq. 3.23. Combining the two

requirements we obtain:

keT ∝ |VRP |2 exp
(−Eact

kBT

)

(3.24)

3.3.1 Marcus theory for electron transfer

A formal description of eT was developed by Marcus in the 50’s and cor-

relates the activation energy of the transfer reaction with quantities eas-

ily accessible from experiment [399, 400]. These quantities are ∆E, also

called driving force of the reaction, and the reorganization energy Eλ. Both

quantities are depicted in Figure 3.6. The driving force is defined as the

energy difference between products and reactants at their equilibrium po-

sition, while the reorganization energy is the energy gained by the system

upon relaxation from qR to qP after the transfer is completed.

Following a classical treatment of vibrational motion, the relationship

between Eact, ∆E and Eλ can be derived analytically from geometrical

arguments, considering harmonic potentials. A more general quantum me-

chanical approach requires instead the distinction between high-temperature

and low-temperature case.

The high-temperature case is defined for kBT ≫ ~ωα for all coordinates

of the system, being ωα the vibrational frequency of coordinate α. Under

this assumption the eT rate is given by the Marcus equation

keT = |VRP |2
√

π

~2kBTEλ
exp

(

− (∆E + Eλ)2

4EλkBT

)

(3.25)
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Figure 3.6: Potential energy surfaces of reactants and products and definition of

the activation energy Eact, the driving force ∆E and the reorganization energy Eλ.

which has the form of the equation for a thermally-activated reaction (Eq.

3.23). Three unknown quantities enter the Marcus equation: VRP and ∆E,

related to the chemical structure of D and A and Eλ, mainly dependent on

the medium. Usually a fit of experimental data is performed through an

Arrhenius plot, i.e. plotting log keT versus 1/T . Otherwise, ∆E and Eλ

can be obtained from indirect methods. When many vibrational modes are

coupled to eT, the total driving force of the process can be obtained as the

energy difference between reactants and products, which can be gathered

from thermodynamic measurements. At the same time, the total reorga-

nization energy can be retrieved summing up the individual quantities for

all the coupled modes: Eλ =
∑

α
1
2ω

2
α(∆qα)2. In the solid state, the terms

ωα and ∆qα can be accessed from the resolution of the crystallographic ge-

ometry or, more conveniently, they can be extracted from resonant Raman

measurements, which provide direct information on the modes coupled to

eT.

Supposing fixed values of VRP and Eλ, the dependence of the eT rate

upon ∆E is shown in Figure 3.7. For |∆E| < Eλ we are in the so-called
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Figure 3.7: Top: sketch of the PES of reactants (black curves) and products (red

curves) in different regimes for fixed Eλ: normal region (left), activationless case

(centre) and inverted region (right). Bottom: plot of lnkeT versus −∆E.

normal Marcus region. In this region the intersection point between the

curve of the reactants and the curve of the products, q∗, occurs at the right

side of qR and the eT reaction requires the crossing of an energy barrier. An

increase of ∆E shifts q∗ to the left, reaching q∗ = qR for |∆E| = Eλ. This

point corresponds to the activationless case, for which the energy barrier

vanishes and the eT rate becomes independent of temperature. A further

increase of |∆E| brings the system in the inverted Marcus region, where the

activation energy increases again.

It follows that the eT rate increases in the normal region as |∆E| (and

also Eact) is increased, it reaches a maximum at ∆E = Eλ, when Eact = 0,

and decreases again in the inverted region with increasing |∆E| (Eact) (Fig-

ure 3.7, bottom).

When kBT ≪ ~ωα for all the coupled modes, we are in the low-tempera-

ture regime, characterized by a different mechanism. In this case the formal

treatment of eT requires the quantum mechanical description of vibrational

motion. It can be demonstrated that the expression for the eT rate in this
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regime is

keT =
2π
~2ω
|VRP |2| 〈χR0 |χP nres

〉 |2 (3.26)

where |χR0〉 is the vibrational ground state of the reactants and |χP nres
〉 is

the vibrational state of the products which is degenerate with the vibrational

ground state of the reactants. In the low-temperature regime, the rate of

the transfer is independent of temperature, as it does not involves thermal

activation. Indeed, the only requirement for the process is a finite overlap

between the initial vibrational wavefunction of the reagents and the final

wavefunction of the products. In other words, the eT transfer is due to nu-

clear tunnelling and does not require the crossing of a barrier. This process

becomes competitive with thermally activated eT in the Marcus inverted

region, where the overlap becomes sizeable, while it is the only mechanism

working at low temperature where there is not enough energy for thermal

activation.

A more general case is the so-called mixed quantum-classical case, where

the low-frequency modes, for example those of the solvent, are in the high-

temperature limit while the others are in the low-temperature limit. The

generalization of the Marcus formula accounting for both regimes reads as

follows:

keT = |VRP |2
√

π

~2kBTEλ

∑

n

| 〈χR0 |χPn
〉 |2 exp

[

− (∆E + n~ω + Eλ)2

4EλkBT

]

(3.27)

where n runs over all the vibrational states of the products. At low tem-

perature the dominant effect is nuclear tunnelling, while as the temperature

is increased, thermal activation becomes more important and dominates at

high temperatures.

Another distinction between eT mechanisms is based on the role played

by the bridge connecting the D and A entities. eT is called through space

transfer if the bridge is not involved in the process. In this case short

distances (typically less than 20 Å) are required in order to guarantee orbital

overlap. Conversely, in the so-called through bond or bridge assisted eT

reactions, the bridge B is actively involved in the transfer making it possible

at longer distances. A typical bridge-assisted reaction can be represented as

follows:

D
−BA→ DB−

A→ DBA
− (3.28)
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There are at least two ways in which the bridging unit can assist eT. If

the energy levels of the bridge are well separated from those of the active

units, eT proceeds through a super-exchange mechanism. The states of the

bridge act as a perturbation to the energy levels of donor and acceptor, and

the initial state of the system becomes delocalized over the bridge states,

modifying the D− A coupling.

On the opposite, if the bridge states are almost resonant with the LUMOs

of D and A, ET follows the so-called hopping or sequential mechanism, in

which the electron moves stepwise from the donor to the acceptor through

the bridge states, residing temporarily on the bridge.

3.4 Energy transfer in BODIPY-decorated

calixarenes

Simplified systems acting as artificial antennae allow to study the factors

affecting the first steps of the photosynthetic pathway, namely light har-

vesting and excitation energy transfer. The model bichromophoric systems

investigated in this Thesis were obtained by covalent linkage of two suitable

EET partners, an energy donor and an energy acceptor, at the 1,3-distal

positions of the upper rim of a calix[4]arene scaffold.

Boron-dipyrromethene (hereafter BODIPY) dyes are a family of fluo-

rescent dyes containing the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene unit,

characterized by high chemical stability and interesting optical properties

such as sharp and intense absorption and emission bands whose position

can be tuned by appropriate chemical functionalization [401,402]. The high

fluorescence quantum yield and the possibility of tailoring their spectral

properties makes BODIPY dyes ideal candidates as active units in model

systems for EET [357].

We considered two couples of BODIPY dyes specifically designed to act

as energy donor-energy acceptor pairs. The first couple was linked to a

calix[4]arene in the cone conformation through flexible spacers, ensuring a

residual mobility of the system [387]. Conversely, for the second EET pair

we devised a more constrained arrangement through the choice of rigid link-

ers, and we also compared the conformationally flexible cone calix[4]arene

scaffold with the more rigid 1,3-alternated isomer to assess the effect of
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Figure 3.8: First couple of BODIPY dyes. Molecular structure of the dyad B12

and reference compounds B1 and B2.

the calix conformation on the interchromophoric interactions and EET effi-

ciency.

3.4.1 First couple of BODIPY dyes

Dyes B1 and B2 (Figure 3.8) belong to the family of 3-stiryl BODIPYs

[401,403]. Substitution with an electron donor group at the p-position of the

phenyl ring increases π-conjugation, red-shifting the absorption and emis-

sion bands compared to unsubstituted dyes, at wavelengths longer than

500 nm [403,404]. The electron-donating strength of the substituent largely

affects the optical properties of the dyes, differentiating their spectroscopic

behaviour. B1 and B2 meet the basic requirements for EET [401] and were

selected as the first EET pair in our study, also acting as reference dyes in

the spectroscopic analysis.

The target dyad B12 was obtained anchoring the selected fluorophores at

the distal positions of the upper rim of a calix[4]arene in the cone conforma-

tion [387]. A 1H NMR study of B12 in solution revealed that, irrespectively

of the solvent, the system possess a C4v symmetry, resulting from fast inter-

conversion between two opposite flattened cone conformations characterized

by similar stability [379]. Their stability is probably the result of a balance

between steric repulsion between the substituents, that should favour an
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Figure 3.9: Normalized absorption (left) and emission (right) spectra of B12 and

the reference dyes in solvents of different polarity: cyclohexane (CHX), chloroform

(CHL) and acetonitrile (ACN). For the dyad, the excitation wavelengths were 550

nm in CHX and CHL, 535 nm in ACN.

open flattened cone conformation, and weak π− π interactions between the

BODIPY units, which should stabilize a closed flattened cone conformation.

This hypothesis was validated by theoretical analysis (see below).

Steady-state spectroscopy

The bichromophoric system B12 and reference dyes were characterized in

solvents of different polarity, namely cyclohexane, chloroform and acetoni-

trile (Figure 3.9 and Table 3.1).

B1 is characterized by sharp absorption and emission peaks, which are

almost insensitive to solvent polarity. Its emission quantum yield, approach-

ing unity in cyclohexane, remains high (> 80%) in more polar solvents.
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Table 3.1: Spectroscopic properties of B1, B2 and B12 in different solvents (CHX:

cyclohexane, CHL: chloroform, ACN: acetonitrile): absorption and emission max-

ima (λmax
abs and λmax

em ), fluorescence quantum yield (QY) and emission lifetime

(τ). The standard for fluorescence quantum yield measurements was fluorescein

in NaOH(aq) 0.1 M (QY = 90%).

Solvent Compound λmax

abs /nm λmax
em /nm QY%[λexc/nm] τ/ns [λem/nm]

CHX

B1 564 567 100 [530] 3.92

B2 595 610 73 [560] 3.34

B12 567 619 20 [535]; 21 [550] 3.55 [570]

CHL

B1 566 574 91 [530] 3.82

B2 601 661 55 [565] 3.05

B12 568 664 32 [530]; 32 [550] 3.27 [575]

ACN

B1 556 570 87 [520] 3.9

B2 597 730 < 1 [560] -

B12 558 571 8 [527]; 7 [535] 3.12 [610]

Absorption of B2 is red-shifted by more than 30 nm compared to B1 and

is characterized by broad bands, which are marginally affected by solvent

polarity. Conversely, emission of B2 is strongly solvatochromic and moves

from λ ≈ 600 nm in cyclohexane to λ > 730 nm in acetonitrile. Moreover, as

the solvent polarity increases, the emission band broadens and looses inten-

sity. This behaviour suggests that the ground and excited states of B1 are

non-polar (or slightly polar), while fluorescence of B2 comes from a polar

state.

Emission of B1 and absorption of B2 occur within the same spectral

window, guaranteeing good spectral overlap over all the solvent polarity

range (Figure 3.10). This should grant for efficient EET from B1, acting as

the energy donor, to B2, acting as the energy acceptor, in all the solvents

considered.

As for the reference dyes, absorption of B12 is marginally affected by sol-

vent polarity. On the opposite, its emission spectra are solvent-dependent.

For excitation on the short-wavelength side of the absorption spectrum, in

the region between 500 and 550 nm, emission of B12 features two max-

ima, corresponding to the emission maxima of B1 and B2. Indeed, while

the short-wavelength maximum is unaffected by solvent polarity, the long-
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Figure 3.10: Emission spectra of B1 and absorption spectra of B2 in different

solvents (CHX: cyclohexane, CHL: chloroform, ACN: acetonitrile). The greyed

area indicates the spectral overlap. The overlap between the normalized spectra

expressed in wavenumbers (Eq. 3.30) amounts to 244×10−6 cm in CHX, 281×10−6

cm in CHL and 262× 10−6 cm in ACN.

wavelength maximum moves to the red from cyclohexane to chloroform, and

vanishes in acetonitrile due to the small quantum yield of B2 in this solvent

compared to B1. Fluorescence quantum yield of the dyad is considerably

lower than the quantum yield of the isolated chromophores, suggesting the

activation of new decay paths among which energy transfer.

Unfortunately, the amount of synthesized compound did not allow for

the measurement of molar extinction coefficients. Therefore, in order to

verify if absorption spectra of the bichromophoric system correspond to the

sum of the absorption spectra of the isolated chromophores, we resorted to

a fitting procedure (Figure 3.11, top panels). Absorption spectra of B12

in chloroform and acetonitrile were recovered as the sum of the absorption

spectra of B1 and B2 weighted for appropriate coefficients. Conversely,

the experimental absorption spectrum of B12 in cyclohexane is broader

compared to the weighted sum of the reference spectra. The broadening

could be ascribed to conformational disorder, which has a larger effect in

non-polar solvents, where the bands are narrower. Overall, the possibility

of retrieving the spectrum of the dyad roughly as the sum of the absorption

spectra of its constituting units suggests that the electronic coupling between

the EET partners is weak and we are in the weak coupling regime.

The efficiency of EET in B12 was estimated from the evaluation of the

donor quenching (Method II, Eq. 3.16). Because of the large overlap between

absorption spectra of B1 and B2, it is not possible to selectively excite the

donor into the dyad. Therefore, additional data processing is required prior
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Figure 3.11: Experimental spectra of B12 (blue lines) and best fit (magenta lines)

as the weighted sum of the corresponding spectra of references B1 and B2 (black

and red dotted lines respectively). Top panels: absorption spectra. Bottom panels:

emission spectra. Emission spectra of B12 in chloroform (CHL) and acetonitrile

(ACN) were collected for excitation at 530 and 535 nm respectively.

to apply Eq. 3.16, in order to extract the quantum yield of the donor in

presence of the acceptor (φD(A)). The results of the fit of the absorption

spectra in Figure 3.11 were rescaled to get the experimental value of ab-

sorbance at the excitation wavelength. Then, the contribution of the donor

to the total absorption of the dyad was retrieved from the coefficients of the

fit and was used in the calculation of quantum yield. Similarly, a fitting pro-

cedure on the emission spectra (Figure 3.11, bottom panels) allowed for the

separation of the donor contribution to the emission intensity of B12, which

was employed for the estimate of φD(A). Quantum yields were estimated in

chloroform and acetonitrile only, since in cyclohexane we did not obtain a

satisfactory fit of the absorption spectrum. The procedure was applied for

different excitation wavelengths, obtaining consistent results (Table 3.2).

The residual quantum yield of the donor in B12 amounts to less than

10%, indicating a strong quenching effect. Indeed, EET efficiencies calcu-

lated through Eq. 3.16 are high (φEET ≈ 90%) and are unaffected by solvent

polarity.
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Table 3.2: Energy transfer in B12 estimated from donor quenching in chloroform

(CHL) and acetonitrile (ACN) at two different excitation wavelengths. φD: quan-

tum yield of isolated donor (B1), λexc: excitation wavelength, φD(A): quantum

yield of the donor in presence of the acceptor (i.e. in B12) estimated from a fitting

procedure, φEET : estimated EET efficiency.

Solvent φD λexc/nm φD(A) φEET

CHL 0.91
530 0.08 0.91

550 0.08 0.91

ACN 0.87
535 0.09 0.89

527 0.09 0.89

Fluorescence anisotropy experiments provide information about the rel-

ative orientation of absorption and emission dipole moments of fluorophores

(see also Appendix A). In presence of EET, absorption and emission come

from different fluorophores, so that anisotropy could reveal information on

the relative orientation between them.

Fluorescence excitation and emission anisotropies of the dyad, as well

of the reference compounds, were measured in a glassy 2-methyltetrahydro-

furan dilute solution undercooled at 77 K (Figure 3.12). Under these con-

ditions absorption and emission bandshapes are more resolved compared

to room temperature spectra because of the reduction of thermal disorder

(inhomogeneous broadening).

Anisotropy of B1 and B2 is trivial. For both of them we obtained r ≈ 0.4

inside the main absorption/emission band, as expected for parallel absorp-

tion and emission dipole moments. Indeed, the very same state responsible

for intense absorption in the visible range is also responsible for emission.

Excitation anisotropy of B2 decreases to the limiting −0.2 value in the UV,

corresponding to less intense transitions polarized perpendicularly to the

S0 → S1 transition.

Fluorescence excitation anisotropy of B12 was collected at λem = 670 nm,

i.e. collecting emission from the sole acceptor. In the 600-650 nm region,

where only the acceptor absorbs, anisotropy is flat and close to the max-

imum 0.4 value, indeed the very same state is involved in absorption and

emission. Conversely, anisotropy decreases abruptly to r ≈ 0.05 − 0.1 at

λ ≈ 575 nm, corresponding to the absorption maximum of the donor, and
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Figure 3.12: Fluorescence excitation (left panels) and emission (right panels)

anisotropy in frozen 2-methyltetrahydrofuran at 77 K (dots). Corresponding ex-

citation and emission spectra measured under the same experimental conditions

(dashed lines) are reported as a guide to the eye. Excitation anisotropy of B12

was collected at λem = 670 nm, emission anisotropy at λexc = 565 nm.
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remains flat across the whole donor band. This result suggests that at low

temperature the chromophores are arranged to form an average angle of

45− 50◦ (or an angle with the same squared cosine) between the absorption

dipole moment of the energy donor and the emission dipole of the energy

acceptor. An alternative hypothesis could be the presence of a distribution

of configuration with similar energy giving an average anisotropy close to

0. Emission anisotropy, collected for excitation at the absorption maximum

of the donor, is consistent with excitation anisotropy and suggests similar

considerations.

Transient absorption measurements

To gain more insights into the dynamics of EET in B12, a transient ab-

sorption study was performed in collaboration with Dr. Mariangela Di Do-

nato and coworkers at LENS (European Laboratory for Non-Linear Spec-

troscopy), Florence, Italy. Transient absorption measurements with sub-

picosecond resolution were performed in all the investigated solvents for the

dyad (Figure 3.13) and for reference chromophores (not shown). Experimen-

tal kinetic traces were processed by a global analysis procedure, consisting

in the simultaneous fit of the data at all wavelengths with combinations of

exponential functions. The output of the procedure are the time constants

of the excited-state processes and the corresponding spectral components,

called Evolution Associated Difference Spectra (EADS) [405,406].

A satisfactory fit of experimental data on B12 was achieved with four

kinetic components in acetonitrile and three kinetic components in the other

solvents. Corresponding EADS are reported in the left panels of Figure 3.13.

Selective excitation of the donor moiety is impossible because of the large

overlap between the absorption spectra of donor and acceptor. Thus, ir-

respective of the solvent, the dyad was excited at λ = 520 nm, where the

absorbance of the donor dominates over the absorbance of the acceptor.

Nevertheless, direct excitation of the acceptor cannot be avoided, as seen

from the presence of the signals of both dyes in the transient spectra at early

times. Indeed, the two negative bands found in all solvents immediately af-

ter excitation peaking at λ ≈ 560 nm and λ ≈ 620 nm can be assigned to

bleaching/stimulated emission of the donor and acceptor, respectively.
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Figure 3.13: Transient absorption data collected for B12 in different solvents (CHX:

cyclohexane, CHL: chloroform, ACN: acetonitrile). Left panels: EADS retrieved

from global analysis of transient absorption spectra (λexc = 520 nm). Right pan-

els: kinetic traces recorded at the maximum of the bleaching/stimulated absorption

band of the donor in B12 (blue dots) and isolated donor B1 (red dots). Wave-

lengths are reported in the legends. Black traces indicate the fits obtained from

global analysis.



168 Chapter 3. Energy and electron transfer

The absence of transient signals of BODIPY ions allows to safely exclude

the occurrence of electron transfer in B12 [407,408].

In chloroform and acetonitrile, the signal of the donor undergoes a rapid

decrease, suggesting fast and efficient energy transfer with multi-exponential

kinetics. In acetonitrile, almost one half of the donor signal recovers in less

than 1 ps, while the residual part decays within 7.6 ps. Overall, the transient

signal of the dyad decays on a 200 ps timescale and even if a fourth ns-

lifetime (7 ns) improves the quality of the fit, only a small residual signal

is present on this long timescale. This fast decay is in agreement with the

short lifetime measured in this solvent.

Also in chloroform, global analysis suggests a multi-exponential EET

with a sub-picosecond component, an intermediate component (25 ps) and

a longer (ns) lifetime. The overall signal recovers almost completely after

1.5 ns. The residual donor emission on the nanosecond timescale, amounting

to approximately 15% of the initial value, suggests that energy transfer is

highly efficient but not quantitative, in agreement with steady-state data.

A different scenario was found in non polar cyclohexane. In this sol-

vent, a less pronounced time evolution of the transient signals was observed

compared to the other more polar solvents, and a significant contribution of

the donor survives on a long timescale. A slight decrease of the donor band

and the concomitant increase of the acceptor band occurring within the first

4 ps suggest the occurrence of energy transfer at early times. However, in

the following 238 ps the donor band increases again and the acceptor band

looses intensity, indicating the concomitant presence of backtransfer.

More information on the transfer rates can be gained from the compar-

ison between the decay of the donor band in B12 and the decay of the

donor alone (B1, Figure 3.13, right panels). In polar solvents (chloroform

and acetonitrile) the donor signal in the dyad decays faster with respect

to the isolated molecule, indicating fast EET. Conversely, in cyclohexane,

the decay traces of the donor in presence and in absence of acceptor are

comparable, suggesting a different process.

In order to verify the hypothesis of backward energy transfer in cyclo-

hexane, transient absorption measurements were repeated for excitation at

λ = 600 nm, with the aim of achieving a preferential exitation of the accep-

tor. Corresponding EADS obtained from global analysis (Figure 3.14) show
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Figure 3.14: EADS obtained for B12 upon excitation at λ = 600 nm in cyclohexane

(CHX) and chloroform (CHL).

however the characteristic signals of both units at early times, indicating a

partial direct excitation of the donor. On a short timescale (∼ 1 ps) both

signals of donor and acceptor loose intensity, however, at ∼ 130 ps, the band

of the donor increases again, signalling energy transfer from B2 to B1. The

observation of a significant fraction of donor signals on the ns-timescale and

the overall decrease of EET rate can be explained by the instauration of an

equilibrium between forward and backward processes.

The aforementioned increase of the donor band is not taking place in

chloroform, suggesting that backtransfer is negligible in this solvent. Indeed,

the overlap between emission of B2 and absorption of B1 in cyclohexane,

a requirement for the occurrence of backtransfer, is more than one order

of magnitude larger compared to chloroform (Figure 3.15). However, in

cyclohexane, the overlap relevant to backtransfer is approximately 60 times

smaller than the overlap relevant to the direct transfer, explaining the slower

kinetics of backtransfer compared to direct EET emerging from transient

absorption data.

The ultrafast kinetic component obtained from global analysis (4 ps,

0.8 ps and 0.4 ps in cyclohexane, chloroform and acetonitrile respectively)

can be attributed to vibrational and solvent relaxation, while the inter-

mediate kinetic constant (238 ps, 25 ps and 7.5 ps in the three solvents)

correlates with energy transfer. The high value obtained in cyclohexane can

be explained with the concomitant occurrence of backward energy transfer

and, because of that, it is not directly related to the EET rate. Finally,

the ns-component (respectively 1.3 ns and 2.1 ns in cyclohexane and chlo-
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Figure 3.15: Emission spectra of B2 and absorption spectra of B1 in different

solvents (CHX: cyclohexane, CHL: chloroform, ACN: acetonitrile). The greyed

area indicates the spectral overlap. The overlap between the normalized spectra

expressed in wavenumbers (Eq. 3.30) amounts to 4.14×10−6 cm in CHX, 5.72×10−7

cm in CHL and is vanishing in ACN.

roform) as well as the 204 ps / 7 ns components retrieved in acetonitrile,

are related to the excited-state lifetime of the fluorophore and are in rea-

sonable agreement with emission lifetime values measured in the various

solvents.

Theoretical study

A complementary insight into the photophysics of B12 was achieved through

theoretical modelling, performed in collaboration with Prof. Chiara Cappelli

and coworkers (Scuola Normale Superiore, Pisa, Italy).

Absorption and emission spectra of reference dyes, computed in ace-

tonitrile at TDDFT level (CAM-B3LYP/6-31+G), indicated closely spaced

transitions at 2.57 eV (482 nm) with oscillator strength 0.95 for B1 and at

2.50 eV (496 nm) with oscillator strength 1.39 for B2.

In principle, many conformers of B12 may exist in solution because of

the flexibility of the calix scaffold. Only two of them were selected for the-

oretical investigation, corresponding to the most representative conforma-

tions. Calix[4]arenes substituted at the distal positions of the upper rim can

assume two flattened cone conformations (Figure 3.16 (a)) [380]: an open

flattened cone conformation, which minimizes steric repulsion between the

substituents and is preferred in the absence of specific attractive interchro-

mophoric interactions, and a closed flattened cone conformation, which is

favoured by the presence of attractive interactions between the substituents,

in our case the π − π stacking between the BODIPY units.
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Figure 3.16: Theoretical modelling of bichromophore B12. (a) Sketch of the open

and closed flattened cone conformations of a 1,3-substituted calix[4]arene considered

in the theoretical study. (b) Left panel: absorption spectra of the two conformations

of B12 in acetonitrile obtained summing up the contributions of the transitions

towards S1 and S2. Right panel: Boltzmann-weighted spectrum.
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From the geometry optimization of the two conformers of B12 it was

found that the closed flattened cone conformer is the most stable (by ∼ 13

kcal mol-1 only in the gas phase, while in solution the open conformer is

favoured, even if the energy difference between the isomers amount to less

than 3 kcal mol-1. Indeed, an average conformation of the calix emerged from
1H NMR studies, indicating similar stability. The absorption spectrum of

the bichromophoric system computed in acetonitrile with the Vertical Gra-

dient approach [409–411] is shown in Figure 3.16 (b). The energy of the

S1 state of B12 coincides with the energy of the S1 state of B2 (2.50 eV

for the open and 2.44 eV for the closed conformation), while the S2 state

of B12 is close to the energy of the first excited state of B1 (2.63 eV for

the closed and 2.58 eV for the open conformation respectively). It follows

that the absorption spectrum of B12 is roughly the sum of the absorption

spectra of B1 and B2, in agreement with experimental findings. Indeed,

the Boltzmann-weighted computed spectrum compares well with the exper-

imental spectrum of the dyad. Similar results were obtained in the other

solvents (not shown).

The rate of EET was calculated in cyclohexane and acetonitrile according

to the following [412]:

kEET =
V 2

DA

~2c
J ′

DA (3.29)

where VDA is the electronic coupling energy between the transition density

of the donor and acceptor, obtained dividing the bichromophoric system

in two fragments, one constituted by the donor and the calix scaffold and

the other constituted by the acceptor alone, or the other way around [413].

Calculated values were VDA = 0.942 (0.323) cm-1 for the open conformer

in acetonitrile (cyclohexane) and VDA = 217.8 (186.48) cm-1 for the closed

conformer. Moreover, in Eq. 3.29, ~ is the Planck constant divided by 2π, c

is the speed of light in vacuum and J ′
DA is defined as

J ′
DA =

∫ ∞

0
AA(ν̃)FD(ν̃)dν̃ (3.30)

being AA(ν̃) and FD(ν̃) the absorption spectrum of the energy acceptor

(B2) and the emission spectrum of the energy donor (B1) both normalized

to unit area. Relevant J ′
DA integrals were extracted from experiment (see

captions of Figures 3.10 and 3.15).
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In acetonitrile values of k−1
EET = 6.80×10−2 ps and k−1

EET = 3.63×103 ps

were obtained for the closed and open conformer respectively. Indeed, the

transfer is faster where the interchromophoric distance is shorter, i.e. in the

closed conformation. The Boltzmann-weighted k−1
EET derived in acetonitrile

amounts to 1.7 ps and compares favourably with the experimental charac-

teristic time of EET in this solvent (7.5 ps). Conversely, the Boltzmann-

weighted lifetime calculated in cyclohexane cannot be directly compared

with experiment, since the experimental value is influenced by concomitant

backtransfer, which slows down the kinetics of EET. The backtransfer rate

could be calculated with the same VDA and the appropriate value of J ′
DA

obtained exchanging the roles of B1 and B2. The Boltzmann-weighted

k−1
EET related to the backward EET in cyclohexane was 144 ps, in excellent

agreement with the corresponding experimental value (130 ps).

3.4.2 Second couple of BODIPY dyes

Also the second couple of dyes selected for EET studies, B3 and B4 (Fig-

ure 3.17), belong to the 3-stiryl BODIPY family. However, at difference

with the previously investigated EET pair, they are substituted at the meso

position with an aromatic ring, which will act as the anchoring site in the

dyads [414]. Because of the steric hindrance caused by the methyl groups on

the BODIPY unit, the phenyl ring lies almost perpendicularly to the plane

of the indacene, interrupting the conjugation [415]. Indeed, spectroscopic

properties of meso-substituted dyes B3 and B4 are very similar to those of

unsubstituted B1 and B2, respectively (see below).

The two dyes are linked at the 1,3-distal positions of the calix[4]arene

scaffold through a triple bond, ensuring a better rigidity of the spacers,

compared to the previous structure. In this case, two conformations of

the calixarene were selected: the more flexible cone conformation (B34c)

and the 1,3-alternated conformation (B34a) [416], which should induce a

different interchromophoric distance.

Steady-state spectroscopy

Absorption and emission spectra of the target compounds at room tempera-

ture were recorded in solvents of different polarity: toluene, dichloromethane
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Figure 3.17: Second couple of BODIPY dyes. Molecular structure of dyads B34c

and B34a and reference dyes B3 and B4.
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and acetonitrile (Figure 3.18 and Table 3.3). Both reference compounds are

characterized by narrow absorption bands in the green-orange region of the

visible spectrum, with high molar extinction coefficients (ε ≈ 1.0−1.5×105

mol-1 L cm-1). Other less intense transitions are found in the UV, below

450 nm. Solvent effects on the peak position are marginal and only in-

homogeneous broadening takes place upon increasing solvent polarity. B3

features sharp emission bands peaking at λ < 700 nm, small Stokes shift

and high quantum yields approaching unit in non-polar environments and

is barely affected by the solvent. Conversely, B4 is strongly solvatofluo-

rochromic, and the emission maximum is shifted from λ ≈ 650 nm in toluene

to λ ≈ 730 nm in acetonitrile, with concomitant broadening of the emission

band. Also its fluorescence quantum yield is highly sensitive to solvent po-

larity and, starting from ∼ 85% in toluene, it drops to less than 10% in

acetonitrile. Both dyes are characterized by monoexponential fluorescence

decays with lifetimes in the range 3.5 − 4.0 ns for B3 and decreasing from

3.42 ns to less than 1 ns according to the solvent for B4.

Spectral features of the dyads are reminiscent of those of the reference

compounds, whose contributions can be easily recognized both in absorption

and emission. The absorption maximum at λ ≈ 570 nm observed for B34c

and B34a corresponds to the maximum of B3 absorption, while the long-

wavelength shoulder at λ ≈ 610 nm corresponds to the maximum absorption

of B4. The poor solubility of the dyads in acetonitrile did not allow for a re-

liable estimate of the molar extinction coefficient in this solvent. In toluene

and dichloromethane the absorption spectra of the bichromophoric systems

are roughly the sum of the absorption spectra of the reference dyes, sug-

gesting weak interchromophoric interactions. Indeed, absorption spectra of

B34a and B34c are almost superimposable in toluene and dichloromethane,

while in acetonitrile only a slight decrease of the B4 maximum was found

in B34a compared to B34c.

Emission spectra of the bichromophores feature two bands. The first one,

at shorter wavelength and almost insensitive to solvent polarity, corresponds

to B3 emission, while the one at longer wavelengths and strongly solvent-

dependent is related to emission of B4. Comparison between the emission

spectra of B34a and B34c collected at the same excitation wavelength

reveals substantial differences in terms of the ratio between the two emission
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Figure 3.18: Absorption (left) and normalized emission (right) spectra of B34c,

B34a, B3 and B4 collected in solvents of different polarity (TOL: toluene, DCM:

dichloromethane, ACN: acetonitrile). The absorption spectrum of B34c in acetoni-

trile was normalized to that of B34a. Emission spectra of the dyads were collected

for excitation at λ = 550 nm.
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bands. In the cone derivative, B34c, the intensity of the long-wavelength

band is much higher than the short-wavelength one, while the intensities

become comparable in the 1,3-alternated isomer, B34a. This is true mainly

in toluene and dichloromethane, since in acetonitrile the emission of B4 is

vanishing because of the low quantum yield.

The quantum yields of the bichromophores, collected integrating over

the whole emission spectrum, are lower than those of the reference dyes,

and are smaller for the 1,3-alternated dyad. The reduction of fluorescence

quantum yield observed in the bichromophoric systems can be viewed as a

hint of EET between the coupled chromophores, which is responsible for the

quenching of the donor contribution to the emission spectrum (vide infra).

Indeed, both dyads undergo bi-exponential decays, suggesting the occur-

rence of interactions between the active units. The experimental lifetimes,

however, point to a more complex scenario.

On general grounds, the emission lifetime of the donor is expected to

decrease in presence of the acceptor because of EET, and this effect can be

exploited for the determination of the efficiency of the process (Method I,

Eq. 3.15). Nevertheless, the experimental decays of the dyads collected for

detection on the maximum of the donor band are similar to those of the

reference, in contrast with the occurrence of EET. This apparent discrep-

ancy can be explained invoking the conformational disorder of the bichro-

mophores, which is responsible for a distribution of interchromophoric dis-

tances/orientations, not equally favourable to EET. Accordingly, the donors

participating to efficient EET are almost quantitatively quenched and do

not contribute to the dyad’s emission, while the residual fraction of donors,

not undergoing EET, decays with its characteristic lifetime and is the only

fraction that can be detected in the experiments.

Overall, the marked differences between the two bichromophores sug-

gest that the conformation of the calix plays an active role in governing

interchromophoric interactions.

In order to evaluate the possibility of EET between the BODIPY moi-

eties, we extracted overlap integrals J (Eq. 3.10) from experimental data

of reference compounds and we derived the Förster radius through Eq. 3.11

(Table 3.4). We considered the scenario of direct transfer from B3 towards

B4, and also the possibility of backtransfer from B4 towards B3. Emission
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Table 3.3: Spectroscopic properties of B3, B4, B34c and B34a in different solvents

(TOL: cyclohexane, DCM: chloroform, ACN: acetonitrile): absorption and emission

maxima (λmax
abs and λmax

em ), fluorescence quantum yield (QY) and emission lifetime

(τ). The standard for fluorescence quantum yield measurements was Rhodamine

101 in ethanol (QY = 100%). aexcitation at λ = 563 nm.

Solvent Compound λmax

abs /nm λmax
em /nm QY%[λexc/nm] τ/ns [λem/nm]a

TOL

B3 576 587 100 [535] 3.62

B4 613 652 86 [570] 3.42

B34c 576 588/649 76 [535] 0.20 (27%) 3.29 (73%) [580]

77 [565] 3.03 (82%) 4.42 (18%) [650]

B34a 577 591/645 55 [535] 1.82 (63%) 4.55 (37%) [580]

52 [550] 1.86 (66%) 4.59 (34%) [650]

DCM

B3 573 586 95 [534] 3.88

B4 609 693 73 [550] 3.30

B34c 573 585/690 51 [534] 0.08 (34%) 3.38 (66%) [580]

51 [550] 3.18 [688]

B34a 575 588/684 12 [534] 0.70 (82%) 3.43 (18%) [580]

12 [550] 0.64 (60%) 2.15 (40%) [690]

ACN

B3 567 581 71 [530] 3.93

B4 601 729 7 [550] 0.77

B34c 568 583/733 4 [530] 3.09 [583]

4 [550] 3.06 [600]

B34a 570 584/730 3 [530] 3.84 (51%) 3.51 (49%) [583]

3 [550]
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Table 3.4: Data for the B3-B4 EET pair: overlap integral J for forward and back-

ward EET (the direction of EET is indicated by the arrow in the second column),

Förster radius R0 and transfer rate kEET estimated assuming an interchromophoric

distance r = 20 Å. We assumed k2 = 2/3 in the calculations. TOL: toluene, DCM:

dichloromethane, ACN: acetonitrile.

Solvent Process J(λ)/M-1cm-1nm4 R0/Å kEET /ns-1

TOL
B3→B4 7.29× 1015 66 357

B3←B4 1.37× 1013 23 0.68

DCM
B3→B4 6.37× 1015 66 333

B3←B4 5.41× 1012 19 0.22

ACN
B3→B4 4.76× 1015 63 248

B3←B4 6.46× 1013 21 1.74

of B3 and absorption of B4 occur in the same spectral region irrespective

of solvent polarity (Figure 3.19, top panels), which should grant for large

overlap integrals. Indeed, J for the direct transfer is barely affected by the

solvent, and the estimated Förster radius is high (> 60 Å) indicating that

energy transfer from B3 to B4 should be possible over long distances. Since

the chromophores are expected to be at much shorter distance within the

dyads (less than 20 Å) [381], this should lead to efficient EET.

The spectral overlap between B4 emission and B3 absorption involves

only the tails of the corresponding spectra (Figure 3.19, bottom panels).

Overlap integrals are two or three orders of magnitude smaller compared to

those estimated for direct transfer, and calculated Förster radii are around

20 Å, quite irrespective of the solvent. We should conclude that B3 and B4

are a good EET pair and forward transfer between them is the most favoured

process. Indeed, supposing that the chromophores are fixed at r = 20 Å, the

EET rate estimated for the direct transfer is three orders of magnitude larger

than the rate estimated for backtransfer. However, the real situation in the

dyads is more complex, since the residual conformational mobility of the

scaffold could modulate the distance/orientation between the active units,

allowing for a distribution of configurations. Moreover, at short distances,

also backwards energy transfer can become competitive with direct EET.

In order to verify and quantify EET in the bichromophoric systems,

we compared the fluorescence quantum yields of the isolated energy donor
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Figure 3.19: Top: emission spectra of B3 and absorption spectra of B4. Bottom:

emission spectra of B4 and absorption spectra of B3. Spectra were collected in

different solvents: toluene (TOL), dichloromethane (DCM) and acetonitrile (ACN).

Greyed areas indicate spectral overlap.

(B3) with its quantum yield in presence of the acceptor, i.e. in the dyads.

In the dyads the donor cannot be selectively excited because of the spectral

overlap between the absorption bands of donor and acceptor, therefore a

deconvolution procedure was necessary to extract its quantum yield.

As for the first couple of BODIPY dyes, absorption spectra of the bichro-

mophores were deconvoluted as the weighted sum of the absorption spec-

tra of reference dyes, and rescaled to get the experimental absorbance at

the excitation wavelength. The (rescaled) absorbance of the donor at this

wavelength provided an estimate of its absorbance in presence of the accep-

tor. Similarly, emission spectra of the dyads were fitted with the sum of

the emission spectra of the references, weighted for appropriate coefficients.

The integrated area of the donor emission, rescaled by the coefficients of

the fit, was taken as the best estimate of the donor emission in the dyad.

Corresponding quantum yields, estimated for two different excitation wave-

lengths, are reported in Table 3.5 and are in substantial agreement.

In all the investigated solvents the emission of the donor is strongly

quenched, pointing to the activation of new efficient decay pathways in the

dyes, among which EET. The concomitant occurrence of electron transfer
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Table 3.5: Quenching of B3 emission in the dyads in different solvents (TOL:

toluene, DCM: dichloromethane, ACN: acetonitrile). φD : quantum yield of isolated

donor (B3), λexc: excitation wavelength, φD(A): emission quantum yield of B3 in

the dyads, extracted from a fitting procedure.

Solvent φD Dyad λexc/nm φD(A)

TOL 1

B34c
535 0.05

550 0.06

B34a
535 0.30

550 0.33

DCM 0.95

B34c
535 0.05

550 0.05

B34a
535 0.17

550 0.20

ACN 0.71

B34c
535 0.02

550 0.02

B34a
535 0.03

550 0.06

is unlikely in view of the structural similarity with the other BODIPY pair

presented in this Thesis, however it cannot be excluded based on steady-

state data and has to be confirmed by future work.

The emission quenching of the donor is larger in B34c, in which a reduc-

tion of fluorescence of more than 90% was found. A noticeably smaller de-

crease of donor quantum yield was estimated in B34a, especially in toluene

and dichloromethane. Assuming that the only process contributing to emis-

sion quenching in the dyads is EET, we estimated almost quantitative φEET

in B34c (φEET ≥ 95%) irrespective of the solvent, and less efficient transfer

in B34a.

This result contrasts with chemical intuition, which suggests a shorter

interchromophoric distance in the constrained 1,3-alternated isomer, which

should make EET even more favoured than in the cone isomer.

For comparison we also estimated the fluorescence quenching of the ac-

ceptor (B4) when linked to the donor. In this case, the quantum yield of

the acceptor inside the bichromophoric systems was estimated by excitation

at wavelengths longer than 600 nm, where the absorption of the donor is

negligible. Under these conditions we can attribute the whole emission of
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Table 3.6: Comparison between the quantum yield of the isolated acceptor (B4)

and the quantum yield of the acceptor inside the bichromophore in toluene (TOL),

dichloromethane (DCM) and acetonitrile (ACN). φA: quantum yield of B4, φA(D):

quantum yield of the bichromophore estimated taking the absorption maximum of

the acceptor as the excitation wavelength (where there is formally no absorption

from the donor).

Solvent φA Dyad φA(D)

TOL 0.86
B34c 0.61

B34a 0.31

DCM 0.73
B34c 0.40

B34a 0.10

ACN 0.07
B34c 0.03

B34a 0.02

the dyad to the sole acceptor. We found that emission of the acceptor is

quenched inside the bichromophores in all solvents (Table 3.6). The quench-

ing is larger in B34a, in which the acceptor quantum yields amount to one

half and one fourth of the quantum yields of reference B4 in toluene and

dichloromethane respectively.

Fluorescence quenching of the active units into the dyads can be ex-

plained in more general terms with the activation of new decay channels

due to the presence of the calixarene scaffold. Indeed, the introduction of

the calix increases the dimensions and also the flexibility of the dyads with

respect to the small and rigid reference fluorophores, and it can lead to better

dissipation of excitation energy through nonradiative processes, for example

collisional quenching with solvent molecules. However, other phenomena

have to be invoked to explain the different acceptor quenching in the two

dyads, which is larger in the conformationally blocked 1,3-alternated isomer.

An hypothesis could be backward energy transfer, favoured by the proximity

of the dyes in B34a, that is also coherent with the reduced quenching of the

donor compared to B34c.

The considerations above make the analysis of quantum yields trickier,

so that a more straightforward method was applied to extract information

on EET efficiency. Specifically we applied method IV, relying on the com-

parison between absorption and excitation spectra of the dyads. Excitation
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spectra were recorded for emission at λ = 780 − 790 nm, where only the

acceptor emits, and were normalized at the acceptor band of the absorption

spectra. However, since the absorption of the acceptor largely overlaps the

absorption of the donor, a fitting procedure was performed to isolate the two

contributions to the spectra of the dyads. In more detail, absorption and

excitation spectra were fitted independently as the weighted sum of the ab-

sorption spectra of reference dyes, and then rescaled to get the same height

of the acceptor contribution. The ratio between the coefficients of the fit

relative to the donor obtained after rescaling were finally used to extract

EET efficiencies through Eq. 3.18.

Experimental spectra are collected in Figure 3.20. In toluene and dichlo-

romethane absorption and excitation spectra of B34c are superimposable,

suggesting quantitative EET (φEET > 99%), while in acetonitrile a slight

decrease of the excitation spectrum inside the donor band was detected,

indicating less efficient EET (φEET ≈ 73%). Energy transfer in B34a is even

less favoured, with estimated efficiencies not exceeding 70% and decreasing

with solvent polarity.

This result basically agrees with the different quenching of the donor

quantum yield observed in the two bichromophoric systems, indicating that

EET is favoured by the cone conformation of the calix. Even if it may seem

counterintuitive, because of the larger interchromophoric distance expected

in the cone dyad, a few hypothesis can be made explaining these findings.

For example, the closeness of the dyes provided by the 1,3-alternated

scaffold may promote competitive backtransfer from B4 to B3, given the

corresponding good Förster radius (R0 ≈ 20 Å), slowing down the direct

EET (from B3 to B4).

An alternative hypothesis is based on the residual conformational mo-

bility of the calix scaffold in the cone conformation, which could modu-

late the interchromophoric distance/orientation creating preferential chan-

nels for EET, in a similar way as the effect of dynamical disorder in polar

solvents [134]. Conversely, in the more rigid 1,3-alternated conformation

the dyes may be frozen in an unfavourable arrangement, reducing EET

efficiency. A distinction between the two scenarios requires further inves-

tigation with advanced time-resolved spectroscopic techniques in order to

gain information on the excited-state dynamics of these systems.
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Figure 3.20: Absorption (black) and excitation (red) spectra of the dyads obtained

detecting the emission of the sole acceptor: λem = 780 nm in toluene (TOL) and

λem = 790 nm in dichloromethane (DCM) and acetonitrile (ACN). Spectra are

normalized at the acceptor band. Estimated EET efficiencies in B34c are 0.99 in

TOL and DCM, 0.73 in ACN. EET efficiencies in B34a are 0.65 in TOL, 0.43 in

DCM and 0.33 in ACN.
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Figure 3.21: Excitation (left panels) and emission (right panels) anisotropy collected

in glassy 2-methyltetrahydrofuran at 77 K (dots). Excitation and emission spectra

collected under the same experimental conditions are shown as a guide to the eye

(dashed lines). Excitation anisotropy of the dyads was collected for detection at

λ = 655 nm, emission anisotropy was collected for excitation at λ = 535 nm.
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Fluorescence anisotropy measurements on the target dyes were performed

at 77 K in vitrified 2-methyltetrahydrofuran dilute solutions (Figure 3.21).

Anisotropy of reference fluorophores is almost flat and near its upper 0.4

limit inside the main absorption/emission band. Excitation anisotropy of

B4 drops to the lowest −0.2 limit at λ ≈ 450 nm corresponding to other

less intense transitions.

Anisotropy of the bichromophores is dependent on the chosen excita-

tion/emission wavelength and can be exploited to retrieve information on

the mutual orientation of the fluorophores. Excitation anisotropy was col-

lected for excitation at λ = 655 nm, where the ratio between the emission

of the acceptor to the emission of the donor reaches its maximum. Thus,

anisotropy provides information on the orientation of the absorption tran-

sition dipole moment of the energy donor relative to the emission dipole

moment of the energy acceptor. Indeed, in the low-energy region of the

spectrum, where only the acceptor absorbs, a high anisotropy value was

found (r ≈ 0.35), similar to that obtained for B4. Moving to shorter wave-

lengths, anisotropy decreases smoothly to r ≈ 0.3 (0.25) for B34c (B34a)

at λ ≈ 600 nm, before a sudden decrease to r ≈ 0.05 takes place at the

absorption maximum of the donor. Assuming the absence of depolarization

due to a distribution of configurations in solution, this feature indicates a

different alignment of the donor and acceptor dipole moments, allowing to

roughly estimate an angle of ∼ 50◦ for both dyads.

Emission anisotropy was collected for excitation close to the donor ab-

sorption maximum (λ = 535 nm), to maximize absorption from the donor.

Under this conditions we obtained r ≈ 0.05 inside the emission band of

the acceptor, in agreement with excitation anisotropy. On the opposite,

anisotropy is lower than the expected ∼ 0.4 value within the donor band,

and more depolarization occurs for B34a.

Essential-state modelling of reference dyes

Reference dyes B3 and B4 can be regarded as push-pull dyes, whose intense

absorption and emission bands in the visible range originate from a CT

transition [417].

Absorption and emission spectra of the two dyes were calculated adopt-

ing the standard two-state model for dipolar chromophores, described in
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Figure 3.22: Comparison between experimental spectra of B3 and B4 (top panels)

in different solvents (TOL: toluene, DCM: dichloromethane, ACN: acetonitrile)

and spectra calculated with the two-state model (bottom panels). Continuous

lines: absorption spectra, dashed lines: emission spectra. Model parameters for

B3: η = −0.30 eV,
√

2t = 0.97 eV, ωv = 0.16 eV, εv = 0.20 eV, µ0 = 20.0 D,

γ = 0.05 eV. Model parameters for B4: η = 0.93 eV,
√

2t = 0.50 eV, ωv = 0.17 eV,

εv = 0.10 eV, µ0 = 43.0 D, γ = 0.05 eV. Values of the orientational relaxation

energy (εor) corresponding to the various solvents are reported on the panels.
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detail in Chapter 1. Model parameters were extracted through the fit of

room temperature absorption and emission spectra in the three investigated

solvents. The parameter µ0 was fixed to reproduce the molar extinction

coefficient measured in dichloromethane.

Calculated spectra are collected in Figure 3.22 and compared to the

corresponding experimental spectra. The quantitative agreement between

experimental and theoretical data is impressive, and all characteristic spec-

tral features of the BODIPY dyes are well accounted for, including solva-

tochromic shifts and inhomogeneous broadening effects.

The different solvatochromic behaviour of B3 and B4 is related to a

different ground-state polarity. The ground-state ionicity of B4 is approx-

imately 0.06, while the ionicity of B3 is larger than 0.7. Indeed, B4 is

a largely neutral dye in the ground-state possessing a highly polar excited

state. This state is responsible for fluorescence and is stabilized by polar

solvents originating large positive solvatochromism in emission. Conversely,

B3 is mostly zwitterionic, and its ground-state is stabilized by polar sol-

vents, leading to a slight negative solvatochromic shift in absorption.

The transition dipole moment µge relevant to the CT transition of the

fluorophores can be extracted from model parameters and amounts to ∼ 9 D

for B3 and ∼ 10 D for B4.

The Förster theory is based on the dipole approximation, which works

well when the transition dipole moments of the interacting dyes are small

compared to their distance. When the transition densities become size-

able, as it is the case of polar CT chromophores, the validity of the dipolar

approximation is limited to large interchromophoric distances, while a de-

scription based on the extended-dipole approximation is preferable at short

distances [132, 418]. This has implications on the dependence of the EET

rate on the relative orientation of the dyes and also on its (R0/R)6 depen-

dence.

In our specific case, the Förster theory may be suitable for the descrip-

tion of B34c, assuming a larger interchromophoric distance, but becomes

inadequate for the strongly interacting dyes in B34a, requiring a more re-

fined theoretical framework. To this aim, future work on these systems will

involve the extensive essential-state modelling of the dyads, including the

appropriate description of interchromophoric interactions, and will address
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the simulation of steady-state spectra as well as the EET dynamics in solu-

tion.

3.5 Energy versus electron transfer in a Nile Red-

fullerene dyad

Molecular dyads are useful structures to investigate a variety of interchro-

mophoric processes other than energy transfer, depending on the choice of

the active units. For example, as for energy transfer, calix[4]arene-based

dyads could be interesting model systems for electron transfer studies. The

construction of a bichromophoric system undergoing eT requires the appro-

priate choice of an electron donor-electron acceptor pair, with a favourable

alignment of the energy levels (i.e. HOMO and LUMO of the acceptor should

lie at lower energies compared to the corresponding orbitals of the donor),

and also short interchromophoric distance, that should ensure a good over-

lap between the molecular orbitals. The small calix[4]arene scaffold forces

the active units in a confined space, where favourable interactions for eT

may arise. To the best of our knowledge, the investigation of eT in a

calix[4]arene-based dyad has never been performed in detail and should also

provide insights on the role played by the calix in the eT reaction [376].

Thanks to electron delocalization over their large three-dimensional aro-

matic structure, fullerenes can stabilize up to six negative charges [419],

making them ideal electron acceptor candidates [420]. Moreover, several

synthetic protocols have been established for their functionalization, allow-

ing for the grafting to many chemical structures [421]. Most importantly,

because of their structural rigidity, fullerenes possess small reorganization

energies, that should help in achieving large eT rates even with small driv-

ing forces, shifting at the same time the undesired charge-recombination

process into the inverted Marcus region [422–424]. Indeed, fullerenes have

been incorporated as electron acceptor in many multichromophoric systems,

paired with a variety of electron donors. Porphyrinoid systems are among

the mostly investigated electron donors by virtue of their extended absorp-

tion and favourable electrochemical properties [367], but also other organic

dyes were able to participate in eT towards fullerenes [407,425].
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Figure 3.23: Molecular structure of the target dyad NR-c-C60 and reference com-

pounds c-NR and c-C60.

The short interchromophoric distance required for eT is however also

beneficial to energy transfer and, if appropriate conditions are met, for ex-

ample a non-vanishing spectral overlap, eT and EET can become competi-

tive processes [426–431].

In this work we coupled fullerene C60, playing the role of electron ac-

ceptor, with the well-known laser dye Nile Red, that should act as electron

donor [432]. In the target bichromophoric system NR-c-C60 (Figure 3.23)

the two eT partners are linked at the 1,3-distal positions of the upper rim

of a tetrapropoxycalix[4]arene blocked in the cone conformation by appro-

priate alkylation of the lower rim. For better homogeneity, the reference

compounds used in this study are monochromophoric systems in which ei-

ther the Nile Red or the fullerene are anchored to the calix, called c-NR

and c-C60 respectively.

3.5.1 Spectroscopic characterization

Spectroscopic characterization of NR-c-C60 and reference compounds was

performed in toluene and chloroform. Experimental spectra at room tem-
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perature and main spectroscopic properties are summarized in Figure 3.24

and Table 3.7.

Absorption spectra of c-NR feature a broad and intense band in the

region between 450 and 600 nm corresponding to the typical absorption

band of Nile Red, indicating that the presence of the calix does not affect

the electronic properties of the chromophore. Emission peaks at λ > 550 nm

and shows a residual vibronic structure. c-NR retains the bright emission

of Nile Red, with large fluorescence quantum yields in both the solvents

analyzed (QY ≈ 80%). Absorption and emission bands of Nile Red are

sensitive to solvent polarity and undergo a batochromic shift amounting

to more than 0.1 eV (∼ 800 cm-1) from toluene to more polar chloroform

[433].

As expected, spectroscopic properties of c-C60 are reminiscent of those

of C60 [434]. The characteristic continuous absorption band spans the whole

visible range with an offset at λ ≈ 750 nm and intense signals in the UV

(λ < 400 nm). The peak at λ ≈ 430 nm is instead typical of fulleropyrroli-

dine and its derivatives [371, 435–437]. Fluorescence of c-C60 features the

weak emission band of fullerene at λ ≈ 720 nm, which is independent of the

excitation wavelength and polarity of the medium. The emission intensity

was too low to reliably estimate the fluorescence quantum yield. Indeed,

the quantum yield of C60 typically amounts to ∼ 2 × 10−4 in nonpolar

solvents [438].

Absorption spectra of NR-c-C60 are roughly the sum of corresponding

reference spectra, indicating the absence of strong interactions between the

chromophores in the ground state. Because of the large difference between

the fluorescence efficiencies of the two dyes, the emission spectrum of the

bichromophoric system is dominated by the emission band of Nile Red,

while the contribution from C60 is recognizeable in toluene only, where it is

responsible for a weak shoulder at the long wavelength tail of the spectrum.

Nevertheless, fluorescence of Nile Red is strongly quenched into the dyad,

indicating the activation of new decay processes.

The molar extinction coefficient of fullerene in the visible range is weak

(ε ≈ 103 mol-1 L cm-1) compared to common fluorescent dyes, however its

absorption band spans a large region, resulting in a finite spectral overlap

with the emission spectrum of Nile Red (Figure 3.25). At the same time Nile
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Figure 3.24: Steady-state absorption (left) and emission (right) spectra of c-NR

(red lines), c-C60 (black lines) and NR-c-C60 (blue lines) collected in toluene

(TOL, top panels) and chloroform (CHL, bottom panels). Emission spectra of the

dyad were collected for excitation at the absorption maximum.

Table 3.7: Spectroscopic properties of c-NR, c-C60 and NR-c-C60 in toluene

(TOL) and chloroform (CHL): absorption and emission maxima (λmax
abs and λmax

em ),

molar extinction coefficient at λmax
abs (εmax) and fluorescence quantum yield (QY)

The standard for fluorescence quantum yield measurements was fluorescein in

NaOH(aq) 0.1 M at 23°C (QY = 90%). anot determined. bdata from Ref. [381]

Solvent Compound λmax

abs /nm εmax/mol-1 L cm-1 λmax
em /nm QY% [λexc/nm]

TOL

c-NR 513 29 000 570 84 [530]

c-C60 < 350 > 30 000 718 -a

NR-c-C60 514 32 000 567 1.9 [515]

CHL

c-NR 540 31 000 596 78b

c-C60 < 350 > 30 000 710 -a

NR-c-C60 538 36 000 593 2.7 [540]
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Figure 3.25: Emission spectra of c-NR and absorption spectra of c-C60 in toluene

(TOL) and chloroform (CHL). Spectral overlap is indicated by the greyed area.

Red, with its intense emission, represents an ideal energy donor [370, 439].

These elements set the basis for a possible competition between eT and EET

in NR-c-C60.

We determined the Förster radius for the Nile Red-fullerene pair based

on spectroscopic data of references c-NR for the energy donor and c-C60 for

the energy acceptor. Assuming a random orientation of the chromophores

(k2 = 2/3) we obtained an overlap integral J = 2.18×1013 M-1 cm-1 nm4 in

toluene and J = 7.56 × 1013 M-1 cm-1 nm4 in chloroform, corresponding to

R0 = 25 Å and R0 = 30 Å respectively. These values of R0 are lower than

those obtained for the BODIPY pair described in the previous Section and

especially designed for EET, however they are significant given the proximity

of the substituents on the calix scaffold.

Assuming that the huge emission quenching of Nile Red in NR-c-C60

(Figure 3.26) is entirely due to EET towards fullerene, we can estimate φEET

from the comparison between the emission quantum yield of c-NR (isolated

energy donor) and the emission quantum yield of Nile Red in the bichro-

mophoric system (Method II, Eq. 3.16). In toluene the quantum yield of the

donor is decreased from 84% to 1.8%, corresponding to almost quantitative

transfer (φEET = 98%). Similarly, in chloroform the emission efficiency of

the donor is decreased from 78% to 3.5% in the dyad, yielding φEET = 95%.

These results, however, do not confirm the occurrence of EET in the

target system. Indeed, fluorescence quenching can in principle be related

to both EET and eT phenomena. We should therefore devise a method to

discriminate between them. A direct proof of EET was obtained focusing
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Figure 3.26: Fluorescence quenching of Nile Red in NR-c-C60. Emission spectra

of equimolar solutions of c-NR and NR-c-C60 collected under the same exper-

imental conditions (λexc = 530 nm in toluene and 540 nm in chloroform). A

magnification of the emission spectrum of the bichromophoric system is shown for

clarity.

on fullerene emission (Figure 3.27). The emission spectrum IDA(λ) of NR-

c-C60 was decomposed into the contributions from the two emitting dyes

through the fitting with IDA(λ) = cDID(λ) + cAIA(λ), where ID(λ) and

IA(λ) are the emission spectra of equimolar solutions of c-NR and c-C60

collected under identical experimental conditions, and the coefficients cD

and cA, representing the weight of the two reference spectra, were adjusted

to get the best fit of the experimental spectrum of the dyad. In both solvents

the best fit was achieved with cA = 23, indicating a 23-fold enhancement of

fullerene emission in NR-c-C60.

The EET efficiencies calculated from the results of the fit presented

above, according to Method III (Eq. 3.17), are 79% in toluene and 74%

in chloroform. While the sensitized emission of fullerene is unambiguously

related to EET, fluorescence quenching of Nile Red can result either from

EET or eT or both. Indeed, both processes imply the excited-state quench-

ing of the donor but, while EET yields an increase of the excited C60 species,

the product of the eT reaction, monoanion C60
-, emits in the near-IR and

cannot be detected in our experiment [440]. The efficiency estimated with

Method III, corresponding to the true EET efficiency, is lower than the ef-

ficiency estimated with Method II, indicating that a fraction of Nile Red

quenching is due to mechanisms other than EET, in our hypothesis eT.
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Figure 3.27: Sensitization of fullerene emission in NR-c-C60. Deconvolution of

the emission spectrum of NR-c-C60 (blue lines) as the weighted sum of the emis-

sion spectra of reference dyes collected under the same experimental conditions

(contributions of c-NR and c-C60 to the spectrum of the dyad, rescaled by the

coefficient of the fit, are shown as dotted curves). Only the region of fullerene emis-

sion is shown for clarity. The contribution of fullerene emission to the fluorescence

spectrum of the dyad is 23 times the spectrum of c-C60. Deconvolution is shown

in both investigated solvents, namely toluene (TOL) and chloroform (CHL).

Results presented above suggest the competition between EET and eT

in the target dyad. From one hand, they offered us an explicit proof of EET

from Nile Red to C60 in NR-c-C60 together with a reliable estimate of its

efficiency (φEET > 70%). From the experimental values of φEET we calcu-

lated the interchromophoric distance, amounting to ∼ 20 Å in toluene and

∼ 25 Å in chloroform, which are coherent with the dimension of the bichro-

mophore. Moreover, they provided indirect evidence of eT, even if with a

minor contribution, probably because of small orbital overlap between the

active units. More studies are mandatory in order to get a direct demon-

stration of eT, including electrochemical and time-resolved measurements,

the latter being also necessary to address the kinetics of the processes and

shed light on their competition.

3.6 A fluorescent ratiometric temperature probe

Temperature is a fundamental parameter in many chemical, physical and

biological processes. Most cellular functions are accompanied by absorption

or release of heat, so that tools for non-invasive and in situ measurement

of temperature at the sub-micrometric scale are highly desirable for the in-
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depth study of cellular metabolism [441]. At the same time, the anomalous

increase of temperature is usually an indicator of cell diseases, and the pos-

sibility of mapping and monitoring temperature at the nanoscale is crucial

for both diagnosis and control of therapeutic effects [442, 443]. In a more

broad context, the miniaturization of systems for chemical and biological

analysis is highly demanded in view of the construction of portable diagnos-

tic tools, and one of the main concerns about the design of microelectronic

and microfluidic devices is the heat control, that requires the development

of suitable temperature probes [444].

Conventional thermometry is intrinsically invasive and limited to the

study of macroscopic systems. Among the alternative approaches, optical

sensors are the most promising, because they do not require physical contact

with the sample, they can be easily miniaturized, and provide high resolution

over small areas [445, 446]. These sensors are often based on fluorescence,

that guarantees high sensitivity and simple readout [447]. The emission

properties affected by temperature include intensity [448–450], spectral po-

sition [451–453], emission lifetime [448,454,455] or anisotropy [456].

A drawback of fluorescence is its sensitivity to external variables, includ-

ing instrumental factors, dielectric properties, ionic strength and viscosity,

which may interfere with the measurement of temperature. This issue is

solved by the ratiometric approach, consisting in the comparison between

the emission intensities at two different wavelengths. The ratiometric ap-

proach requires the variation of emission bandshape with temperature or, as

an alternative, the presence of at least two resolved emission bands whose

relative intensity is modified by temperature [457]. Because of their multiple

emission bands, lanthanides are widely exploited in nanothermometry [458].

Conversely, with the exception of a few systems violating the Kasha rule,

undergoing reverse intersystem crossing, or presenting excimers or different

isomers [451,459–467], most organic fluorophores are characterized by a sin-

gle emission band and their application in ratiometric temperature probes

requires the presence of at least two different emitting species [468–473].

Indeed, organic multichromophores are interesting systems for appli-

cation as nanothermometers, taking advantage of cooperative effects be-

tween their components. An interesting strategy consists in the exploita-

tion of EET between fluorophores linked to a thermoresponsive structure
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Figure 3.28: Working mechanism of the calix[4]arene-based nanothermometer en-

visaged in this Work. Thanks to favourable interactions between the substituents,

at low temperatures the calix[4]arene scaffold adopts a closed flattened cone con-

formation bringing the chromophores at short distance, promoting efficient EET;

at higher temperatures the open flattened cone conformation is preferred, moving

the chromophores far apart and thus decreasing EET efficiency.

that modulates their spatial distribution according to temperature. The

occurrence of EET between two (or more) different species implies the

presence of distinct interdependent emission signals that can be analyzed

in a ratiometric approach. The ratiometric output is accurate and inde-

pendent of the concentration of the probe and the excitation power [474].

To date, reports on this type of nanosensors are mostly limited to ther-

moresponsive polymers [469, 470, 473, 475] and DNA-based nanostructures

[468,471,476].

In this Work we demonstrated that a molecular dyad constituted by

two chromophores capable of EET anchored at the upper rim of a cone

calix[4]arene is able to work, under appropriate conditions, as a ratiometric

temperature probe with good sensitivity and reproducibility [388]. To the

best of or knowledge, this is the first example of temperature probe whose

driving force consists in the conformational variation of a macrocyclic scaf-

fold.

It is well-known that in solution cone calixarenes interconvert between

two equivalent flattened cone structures [379]. When two substituents are

grafted at the distal positions of the upper rim, the open flattened cone con-
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formation, in which the substituents point outwards, is usually preferred,

as it allows to minimize steric repulsions. However, in presence of specific

interactions between the substituents, such as π − π stacking and hydrogen

bonds, the closed flattened cone conformation, in which the substituted aro-

matic rings of the calix are almost parallel, can be stabilized [380,477,478].

It follows that an external stimulus, such as a variation of solvent polar-

ity [381, 479, 480] or temperature, can trigger the interconversion between

the two conformers. The two flattened cone isomers are characterized by

different interchromophoric distance/orientation, whose modulation, thanks

to variable EET efficiency, affects the relative emission intensities of the

fluorophores, which can be correlated to temperature (Figure 3.28).

Among the advantages of this strategy are the small size of the probe, of

the order of a few nanometers, which allows the access to nanoconfined en-

vironments such as living cells, at difference with bulkier polymeric probes.

At the same time this system is easy to characterize and operates through

a well-defined working mechanism. Moreover, with regard to biological ap-

plications, this strategy minimizes the risk of hydrolysis and/or aspecific

interactions with the internal walls of the cell, which is a typical bottleneck

of DNA-based probes [481].

3.6.1 Spectroscopic characterization

The structure of the bichromophoric system DA working as temperature

probe is shown in Figure 3.29. The selected EET partners are two well-

known fluorescent dyes: Coumarin 343, acting as energy donor, and 7-

nitrobenz-2-oxa-1,3-diazol-4-yl (NBD), playing the role of the energy accep-

tor [381, 388]. The aminoethyl spacer used for the connection of the active

units to the calix scaffold provides two amide functionalities which, under

suitable conditions, can interact via hydrogen bonds stabilizing the closed

flattened cone conformation [380,381]. Monosubstituted calixarenes D and

A were selected as reference compounds mimicking the isolated donor and

acceptor respectively.
1H NMR is a powerful technique for the assessment of the calix[4]arene

conformation in solution. The preferred conformation of the calix can be

inferred by the comparison between the signals of the aromatic protons on

the macrocycle. In the flattened cone conformation the aromatic protons
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Figure 3.29: Molecular structure of bichromophoric system DA and reference dyes

D and A.

on the parallel aromatic rings are shielded by the aromatic rings pointing

outwards, and are shifted upfield. In 1,3-disubstituted calix[4]arenes the

comparison between the signals of the substituted rings with those of the

unsubstituted rings allows to identify the calix conformation.

A 1H NMR study revealed the sensitivity of the calix conformation of

DA to the solvent. Inspection of the relative position of the signals of the

protons on the aromatic rings suggests that in CDCl3 the calixarene is forced

to adopt a closed flattened cone conformation, because of the occurrence of

an intramolecular hydrogen bonds between the amide NH groups on the

linkers. On the opposite, in DMSO-d6, the amides interact favourably with

the solvent, breaking the intramolecular hydrogen bond and favouring an

open conformation.

Not only the solvent can modulate the strength of the intramolecular

hydrogen bond but, as relevant to our purpose, also temperature plays an

important role. In CDCl3 an increase of temperature induces a downfield

shift of the signals of the protons ortho to the substituents, accompanied

by a shift of the signals of the unsubstituted rings in the opposite direction
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Figure 3.30: Temperature dependent 1H NMR study of DA in chloroform. Chem-

ical shift of the aromatic protons of the dyad at selected temperature (for the

assignment, see the molecular structure at the left).

(Figure 3.30). These shifts are reversible and are consistent with an opening

of the calix upon heating the sample and a closure when the sample is cooled

down. This behaviour is independent of concentration, ruling out aggrega-

tion effects. Moreover, this phenomenon is absent in the reference dyes,

and consistent with the loosening or strengthening of the intramolecular

hydrogen bond following a temperature increase or decrease, respectively.

Absorption and emission spectra of DA and reference dyes collected in

chloroform at room temperature are provided in Figure 3.31, and relevant

spectroscopic properties are summarized in Table 3.8. Reference dye D fea-

tures the typical absorption band of Coumarin 343, peaking in the blue with

high molar extinction coefficient (εmax > 1.7×104 mol-1 L cm-1), and sharp

and intense fluorescence emission in the 450-550 nm range with quantitative

quantum yield. Absorption of A is red-shifted compared to D and peaks at

λ ≈ 450 nm. A is also characterized by a broad emission band spanning the

whole region between 450 and 700 nm with good emission efficiency. The

good spectral overlap between the emission of D and the absorption of A

(Figure 3.32), together with the high emission quantum yield of D, satisfy

the basic prerequisites for observing efficient EET from Coumarin 343 to

NBD in the bichromophoric system.

The absorption spectrum of DA is roughly the sum of the absorption

spectra of reference dyes, confirming a weak coupling between the chro-
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Figure 3.31: Room temperature absorption (left) and emission (right) spectra of

D, A and DA in chloroform.

Table 3.8: Spectroscopic properties of D, A and DA in chloroform: absorption

and emission maxima (λmax
abs and λmax

em ), molar extinction coefficient at λmax
abs (εmax)

and fluorescence quantum yield (QY). The standard for fluorescence quantum yield

measurements was fluorescein in NaOH(aq) 0.1 M at 23°C (QY = 90%). adata are

taken from Ref. [381].

Compound λmax

abs /nm εmax/mol-1 L cm-1 λmax
em /nm QY% [λexc/nm]

D 438 17 500 462 100

A a 454 11 700 522 62

DA 438 40 700 514 23 [470]; 22 [438]
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Figure 3.32: Normalized emission spectrum of D and absorption spectrum of A

recorded in chloroform at room temperature. The greyed area indicates spectral

overlap.
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mophores. The Lambert-Beer law vas verified over a wide concentration

range, from ∼ 1× 10−6 to ∼ 5× 10−4 mol L-1, attesting the absence of ag-

gregation phenomena at the investigated concentrations. Emission of DA

was collected for excitation at its absorption maximum, corresponding to

the maximum of the energy donor absorption, and features two partially

overlapped bands, assigned to the emission of Coumarin 343 and NBD. The

emission intensity of Coumarin 343 in the dyad is largely quenched, suggest-

ing the occurrence of EET.

Absorption and emission spectra of DA and reference dyes were collected

in chloroform at different temperatures in the range between 240 and 300 K

(Figure 3.33). The lower temperature limit is dictated by the crystallization

point of the solvent, the upper limit by solvent evaporation. Absorption

spectra of D and A undergo only minor changes with temperature. Cooling

down the solution slightly increases the absorbance and shifts the whole

spectrum to the red, leaving bandshapes basically unaffected. This shift

may be due to the increase of the dielectric constant of chloroform at low

temperatures [482]. Also the absorption spectrum of DA undergoes small

changes and, at any temperature, it roughly corresponds to the sum of

Coumarin 343 and NBD absorption bands. The emission band of reference

dyes undergoes a shift similar to absorption, and broadens as temperature

is increased because of thermal disorder (inhomogeneous broadening). The

overall effect is the apparent decrease of the maximum emission intensity,

which seems to be more effective in A. Fluorescence quantum yields at the

various temperatures were estimated taking room temperature solution as

the standard. The emission efficiency of D is barely affected by temperature,

while the efficiency of NBD increases up to 73% as temperature is decreased.

The emission spectrum of DA, collected for excitation at the absorption

maximum of the energy donor, is instead strongly sensitive to temperature

(Figure 3.34). The emission band of Coumarin 343, peaking at λ ≈ 465

nm, and the emission band of NBD, peaking at λ ≈ 515 nm, can be always

recognized, however their ratio is strongly influenced by temperature. In the

right panel of Figure 3.34 we plotted the ratio of the emission intensity of

DA at λ = 515 nm and the emission intensity at λ = 465 nm. The resulting

intensity ratio IR linearly decreases as temperature increases, with a slope

of 0.04 K-1. For comparison we also plotted the values of IR obtained taking
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Figure 3.33: Temperature-dependent spectra in chloroform. Left panels: absorption

spectra of DA, D and A at selected temperatures. Right panels: emission spectra

of reference dyes D and A at selected temperatures.
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Figure 3.34: Temperature-dependent emission of DA in chloroform. Left panel:

emission spectra of DA at different temperatures collected for excitation at λ = 438

nm. Right panel: intensity ratio (IR) between the emission intensity at λ = 515

nm and the emission intensity at λ = 465 nm as a function of temperature. Black

dots: emission intensities of the bichromophore DA spectrum, blue dots: emission

intensities of the reference donor D (λ = 465 nm) and reference acceptor A (λ = 515

nm). Dashed lines correspond to the linear fit of experimental data (the equation

of the fit is shown on the panel).

the emission intensity of A at λ = 515 nm and the emission intensity of D at

λ = 465 nm, obtaining in this case a flat line. This result clearly points out

that the thermal responsiveness of DA emission is not related to a different

temperature dependence of the quantum yields of the two fluorophores, but

rather arises from a cooperative interaction between them. Indeed, this

phenomenon can be attributed to a temperature-dependent EET, as it will

be demonstrated in the following Section.

Results presented above make the dyad DA a ratiometric temperature

probe, with a sensitivity of 4% K-1. The reversibility of the probe and the

repeatability of the measurement was assessed through 12 subsequent cycles

of heating and cooling at the limiting temperatures (300 K and 240 K)

yielding very precise and consistent results (Figure 3.35). This constitutes

a proof of the robustness of DA in the investigated temperature range.
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Figure 3.35: Reversibility/repeatability of the ratiometric response of DA over 12

heating and cooling cycles at 240 K and 300 K in chloroform. IR is the intensity

ratio between emission at λ = 515 nm and λ = 465 nm.

3.6.2 Temperature-dependent EET

The efficiency of the EET process from Coumarin 343 to NBD in the bichro-

mophoric system DA was evaluated via two different steady-state methods,

Method III, considering the EET-induced increase of the acceptor emission,

and Method IV, relying on the comparison between absorption and excita-

tion spectra of the dyad.

In Figure 3.36 (a) we compared the absolute emission intensity of the iso-

lated acceptor, i.e. reference dye A, with the absolute emission of NBD in an

equimolar solution of DA recorded under the same experimental conditions.

The latter was extracted from the deconvolution of the experimental spec-

trum of DA with the emission spectra of D and A. At any temperature the

emission spectrum of NBD in DA is more intense than the spectrum of NBD

alone, confirming the occurrence of EET. The sensitization of NBD emission

increases as temperature is decreased, suggesting that EET is favoured at

lower temperatures.

EET efficiency was estimated through Eq.3.17 (Method III), using the

experimental values of the molar extinction coefficients of D and A and

the emission intensity of the acceptor in presence of the donor obtained

through the fitting procedure described above. The emission intensity of

A should be taken as the emission intensity of the acceptor in the absence

of EET. However, this is not the best choice in our case. The emission

quantum yield of A at room temperature amounts to 62%. Conversely,
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Figure 3.36: Evidences of EET in DA and its temperature dependence in chloro-

form. (a) Sensitization of NBD emission at selected temperatures. The emission

spectrum of reference acceptor (continuous red line) is compared to the emission

spectrum of NBD obtained from deconvolution of DA emission spectrum obtained

for λexc = 438 nm (blue line: emission of DA, red dotted line: contribution of NBD

emission to DA spectrum). Spectra were collected under the same experimental

conditions. (b) Comparison between the absorption spectrum of DA (continuous

line) and its excitation spectrum obtained collecting the emission from the sole

acceptor (λem = 650 nm) normalized at the acceptor maximum (dashed line).
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considering the emission obtained when selectively exciting NBD in DA

(λexc = 480 nm) we obtained QY = 23%. Backward energy transfer can be

ruled out thanks to the negligible overlap between the emission spectrum of

D and the absorption spectrum of A, so that the latter estimate coincides

with the quantum yield of the acceptor in the absence of EET. The lower

value is an indicator of the activation of new (nonradiative) decay paths in

the dyad other than EET. It follows that the best estimate of the acceptor

emission in the absence of EET is the one obtained from direct excitation

of NBD in DA, and was used in the estimation of φEET , after properly

rescaling for the absorbance at the excitation wavelength. EET efficiencies

obtained with this method are collected in Figure 3.37 and slightly decrease

as temperature is increased.

Estimation of φEET through Method IV requires the collection of the

excitation spectrum of the bichromophoric system for selective detection of

the acceptor emission. The excitation spectrum is rescaled with respect to

the absorption spectrum to get the same height of the acceptor band, and

the relative heights of the donor bands are compared. Since absorption of

NBD overlaps with absorption of Coumarin 343, we resorted again to a

fitting procedure to separate the contributions of donor and acceptor.

In more detail, normalized absorption and excitation spectra of DA were

fitted independently with the sum of normalized absorption spectra of D

and A weighted by appropriate coefficients. Then, the excitation spectrum

was rescaled in order to match the acceptor contribution to absorption, and

the comparison between the rescaled donor contributions gave an estimate of

EET efficiency. In the limit of φEET = 1 absorption and excitation spectra

are expected to perfectly match, on the opposite, for non quantitative trans-

fer, a decrease of the donor band in the excitation spectrum is predicted.

For DA (Figure 3.36 (b)) a mismatch between absorption and excitation

spectra was found at any temperature, suggesting φEET < 1. Moreover,

the donor contribution to excitation decreases as temperature is increased,

indicating that EET becomes less efficient as the sample is heated.

Experimental values of φEET estimated over the investigated tempera-

ture range are shown in Figure 3.37 and decrease from more than 70% at

240 K to less than 60% at 300 K. These results are in agreement with those

obtained with Method III and confirm temperature-dependent EET at the
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Figure 3.37: EET efficiency (φEET ) at different temperatures estimated from sen-

sitization of the emission from the acceptor (Method III) and from the comparison

between absorption and excitation spectra of the dyad (Method IV).

basis of the capability of DA to work as a temperature probe.

Different factors could be responsible for the variation of EET efficiency

with temperature, among which a variation of the overlap integral J between

emission of the donor and absorption of the acceptor, the temperature-

dependence of the solvent refractive index, a variation of the donor quantum

yield or a modification of the donor-acceptor distance/orientation. Spectral

overlap, solvent refractive index and quantum yield of the donor, together

with the orientational factor, define the Förster radius R0 for the EET pair

(Eq. 3.11).

The quantum yield of D is almost constant over the investigated tem-

perature range, while the ∼ 20% decrease of the overlap integral occurring

from 240 K to 300 K is compensated by the concomitant decrease of chlo-

roform refractive index (Table 3.9). The orientational factor k is instead

more difficult to evaluate, so that we defined an effective Förster distance

Rk = R0/
6
√
k2 which incorporates it. Rk values were found to be almost

temperature-independent (Rk ≈ 42− 43 Å), so that a different origin of the

temperature dependence of EET should be invoked.

The relation between EET efficiency and Rk reads as following

φEET =
R6

k

R6
k + r6

k

(3.31)

where we indicated with rk the effective interchromophoric distance incorpo-

rating the orientational factor, defined as rk = r/
6
√
k2. Having demonstrated

that Rk is constant, the temperature-dependence of φEET should originate
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Table 3.9: EET data in chloroform for DA at various temperatures. n: solvent

refractive index [483, 484], QYD: quantum yield of the isolated donor (D), J(λ):

overlap integral, Rk: effective Förster distance (incorporating the orientational fac-

tor), rk: effective interchromophoric distances calculated from EET efficiencies es-

timated through Method IV.

T / K n QYD% J / mol-1 L cm-1 nm4 Rk / Å rk / Å

240 1.4844 106 3.46× 1014 42.9 36.1

250 1.4779 97 3.47× 1014 43.1 36.5

260 1.4714 99 3.35× 1014 43.0 37.9

270 1.4648 97 3.19× 1014 42.7 39.1

280 1.4583 98 3.03× 1014 42.5 40.0

290 1.4517 100 2.86× 1014 42.2 40.1

300 1.4454 64 2.86× 1014 42.4 41.2

from a variation of rk. Indeed, taking experimental values of φEET , we cal-

culated an effective interchromophoric distance increasing from 36 to 41 Å

from 240 to 300 K, in agreement with the conformational variations evi-

denced by 1H NMR spectroscopy.

The typical distance between carbon atoms on the distal positions of

the upper rim of a calix[4]arene ranges from ∼ 5 to ∼ 10 Å [378], so that

the variation of rk becomes significant in view of the small dimension of the

bichromophoric system, and also has a large impact on the EET efficiency

thanks to its sixth-power dependency.

Finally, we tested the ability of DA to work as a ratiometric temperature

probe in other solvents: toluene, a nonpolar and non-hydrogen bonding sol-

vent, and two hydrogen bonding solvents, acetone and ethanol (Figure 3.38).

The probe performs well in toluene, with the same sensitivity obtained in

chloroform (4% K-1). Conversely, in H-bonding solvents, the sensitivity is

significantly decreased, according to the specific H-bonding ability of the

solvent. The residual sensitivity of the probe amounts to 1% in acetone, a

H-bond acceptor, and is further halved in ethanol, a strong H-bond donor

and acceptor.

This behaviour provides another proof of the involvement of the in-

tramolecular hydrogen bond between amido functionalities on the spacers in

the working mechanism of the probe. Indeed, polar solvents which are able

to compete in forming hydrogen bonds destabilize the closed conformation
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Figure 3.38: Effect of the solvent on the performance of the probe. Left panels:

emission spectrum of DA as a function of temperature in different solvents (TOL:

toluene, AC: acetone, EtOH: ethanol). Right panels: intensity ratio IR between

emission intensity at the maximum of NBD band and the emission intensity at the

maximum of Coumarin 343 band (dots). Linear fits (corresponding equations on

the panels) are shown as dashed lines.
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inhibiting the thermal responsiveness of the scaffold.

In conclusion, we demonstrated that the novel dyad DA behaves as a

ratiometric temperature probe combining EET between a suitable pair of

fluorophores with the thermoresponsive conformational mobility of the scaf-

fold connecting them. The amido groups inserted on the spacers participate

in an intramolecular hydrogen bond, which favours a closed flattened cone

conformation, in which the fluorophores are brought at short distance. Rel-

evantly to our aims, the strength of the intramolecular H-bond can be mod-

ulated by temperature. At low temperatures the amido groups are strongly

bonded, and fluorophores are close together, ensuring efficient EET from

Coumarin 343 to NBD. An increase of temperature induces the loosening

of the H-bond, increasing the interchromophoric distance and decreasing in

turn EET efficiency. The temperature-dependent EET is responsible for a

variation of the relative intensities of the emission bands of the fluorophores,

which allows for a ratiometric readout.

The figures of merit of this nanothermometer are good sensitivity and re-

producibility over a 60 K-wide temperature range, short equilibration times

and ease of use. Besides the specificity of this system, the exploitation of

conformational mobility of cone calix[4]arenes in the design of molecular

temperature probes based on EET is presented here for the first time and

provides well-controllable structures, easy to characterize and functionalize

according to specific needs thanks to the rich chemistry of calixarenes.

Given its low solubility in water, the application of DA as a temperature

probe is limited to low polarity solvents and non H-bonding environments,

making this system unsuitable for biological applications. However, the

proposed strategy can be considered for the design of more soluble systems

also featuring alternative opening/closure mechanisms of the calix.

3.7 Conclusion

Bichromophoric structures in which a suitable pair of organic fluorophores

is covalently anchored at the upper rim of a calix[4]arene are useful and ver-

satile systems for the investigation of the interchromophoric interactions. In

this Work we investigated two fundamental phenomena of important tech-

nological interest, excitation energy transfer and electron transfer, through
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the tailored design and characterization of a series of molecular dyads based

on the calix[4]arene scaffold and different organic fluorophores.

A few systems especially designed for EET study were based on two pairs

of BODIPY dyes properly chosen to act as energy donor/acceptor pairs. For

the first EET couple, anchored at the distal positions of a calix[4]arene in the

cone conformation, a fast and efficient EET was observed through steady-

state and time resolved spectroscopic techniques and rationalized through

theoretical investigation. The dynamics of the process are strongly affected

by the solvent polarity and in cyclohexane a sizeable slowdown was no-

ticed, explained by the competition between forward and backward EET,

which was experimentally assessed. The different behaviour in cyclohexane

is mostly related to emission solvatochromism of the dyes, responsible for

a finite overlap between the emission of the energy acceptor and the ab-

sorption of the energy donor in this solvent. A regime of weak electronic

coupling between the fluorophores emerged both from experimental and the-

oretical analysis, making Förster theory a suitable theoretical framework to

rationalize the EET phenomenon.

For the second couple of BODIPY dyes, two bichromophoric systems

characterized by a different conformation of the calix (cone and 1,3-alter-

nated) were investigated and compared in different solvents. The EET effi-

ciency estimated according to the Förster theory for the dyad containing the

cone calixarene was unexpectedly higher than the efficiency of the alternated

isomer in which the fluorophores, thanks to the constrained mobility of the

macrocycle and the rigidity of the spacers, are expected to be at shorter

distance. Several hypothesis were made on the origin of this behaviour:

the occurrence of backward energy transfer in the alternated isomer, or the

adoption of a relative orientation of the fluorophores which is unfavourable

for EET. Accordingly, the flexibility of the cone conformation could mod-

ulate the interchromophoric interaction accelerating EET. Moreover, from

the essential-state modelling of the isolated fluorophores, treated as simple

push-pull dyes, large transition dipole moments were obtained, which, for

short distances, may lead to the failure of the dipole approximation at the

heart of Förster theory. A deeper investigation of this interesting system

is required at both experimental and theoretical level, to investigate the

dynamics of the process.
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We also proposed the study of a bichromophoric system in which the

active units, Nile Red and fullerene, can act at the same time as energy

donor/energy acceptor and electron donor/electron acceptor pair. The in-

terplay between EET and eT was addressed through steady-state spec-

troscopy. Preliminary results confirmed the occurrence of EET from Nile

Red to fullerene with good efficiency, but also provided indirect evidence of

eT, even if to a smaller extent. We suggested more experimental studies

to support the hypothesis of eT, including transient absorption and electro-

chemical measurements.

Calixarene-based dyads are not only ideal model systems for fundamen-

tal studies but, after proper design, are promising for applications as well. In

the last Section of the Chapter we presented a bichromophoric system acting

as a sensible and reversible ratiometric temperature probe over a wide tem-

perature range exploiting EET between a pair of organic fluorophores. The

probe relies on the conformational mobility of the calix scaffold and spe-

cific (H-bonding) interactions between the spacers which are triggered by

heating and allow for a control over the calix conformation, modulating the

interchromophoric distance/orientation according to the temperature. As

unraveled through extensive spectroscopic investigation, the temperature-

induced modulation of interchromophoric distance/orientation affects EET

efficiency, modifying the relative emission intensities of the fluorophores, al-

lowing for a ratiometric readout. Although the optimal performance of the

probe described herein is restricted to non H-bonding solvents, the basic

strategy is more general and paves the way to the exploration of a new class

of EET-based nanothermometers exploiting the conformational flexibility of

a macrocyclic scaffold as the driving force.
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Optical properties of polar and polarizable chromophores are strongly af-

fected by environmental and interchromophoric interactions. For this rea-

son, the optical properties of molecular materials can be controlled not only

by the chemical design of the molecular units, but also at the supramolec-

ular level, exploiting collective and cooperative effects arising from their

sensitivity to the surrounding medium. The tunability of the optoelectronic

response of molecular and supramolecular systems, which sets the basis for

the design of efficient photonic and functional devices, is currently at the

frontier of materials science.

To this aim, the investigation of the relationship between the low-energy

photophysics and the molecular or supramolecular structure of representa-

tive systems is an unavoidable step towards the mastering of physical and

chemical engineering, and can benefit from the synergistic exploitation of

advanced spectroscopic and computational tools.

In this Thesis, we presented a selection of representative examples, in-

cluding solvated multipolar dyes, aggregates (dimers, crystals, nanoparti-

cles) and custom-designed heterobichromophoric systems, which allowed us

to shed light on the interdependence of optical properties and interactions

with the surrounding medium, paving the way to its rational exploitation in

functional materials and devices.

Our study combined the experimental characterization with spectro-

scopic techniques (steady-state and time resolved absorption and emission

spectroscopies) and the rationalization of the experimental outcome through

extensive theoretical modelling, adopting complementary theoretical frame-

works. This analysis allowed to disclose interesting phenomena of broad

significance in the field of (multi)polar chromophores for photonic and op-

215



216 Conclusions and outlook

toelectronic applications.

The investigation of multipolar dyes in solution offered the possibility

to address the subtle interplay between their intrinsic electronic structure,

electron-phonon coupling, and solute-solvent interactions.

The chemical structure of the chromophore sets the basis of its electronic

properties, and the development of innovative chemical designs is a tool

to achieve a favourable combination of spectral features. For instance, we

demonstrated that it is possible to build a quadrupolar-like dye undergoing

excited-state symmetry breaking embedding an electron rich heterocyclic

building block into an intrinsically nonpolar graphene-like nanostructure.

Noteworthy, the resulting excited-state scenario is unique and originates

from the synergy between closely spaced CT and LE transitions, ensuring

for example efficient light harvesting over a wide spectral range and good

emission quantum yields over a wide solvent polarity range. For these rea-

sons, aza-nanographenes are likely to represent a new interesting class of

chromophores deserving further attention.

In this Work we also tested complementary theoretical frameworks, TD-

DFT and ESMs, against spectroscopic data, indicating that their combined

application provides a deeper understanding of complex systems. From one

hand, TDDFT does not require a precise a priori knowledge of the system

under study, and offers a quite detailed insight of the nature of electronic

excitations, permitting to identify their LE or CT character. Therefore,

it represents a useful starting point to get an overview of the electronic

structure of new dyes. On the other hand, ESMs are applicable only to model

a subset of dye states, and their application relies on chemical intuition

concerning the choice of the most suitable basis set. Nevertheless, after

validation against experimental or TDDFT data, ESMs represent a powerful

and flexible approach to get a comprehensive and physically sound picture

of the low-energy spectroscopy of multipolar dyes, including the description

of the coupling with vibrational degrees of freedom and the interactions

with polar solvents, which naturally lead to the description of nontrivial

phenomena such as symmetry breaking.

Herein, the ESM strategy was challenged with the description of the rich

and controversial spectroscopy of squaraines and core-substituted squaraines,

pointing out the intrinsic strengths but also the weaknesses of the approach.
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In particular, the addition of states to the electronic basis set is a practical

way to improve the level of detail on the spectral features, but introduces at

the same time more degrees of freedom, and the more difficult parametriza-

tion is not compensated by the increased flexibility of the model. In other

words, the effectiveness of ESMs is lost with the excessive increase of model

parameters, bringing about the risk of an unphysical description of the dyes

at hand. Specifically, the failure of ESMs on squaraines has likely to be

related to the mixed LE/CT nature of some states, the coupling with vibra-

tions, and electronic effects of the substituents on the squaric core, which

have to be properly understood with the help of additional experimental

and first principle computations before setting the correct essential-state

framework.

In concentrated solutions, in the solid state, or in nanosystems, the in-

teractions between the aggregated molecules are responsible for collective

phenomena, which modify their electronic structure with respect to the sol-

vated molecule, leading to sizable spectroscopic effects. Two different kinds

of interchromophoric couplings can be recognized in molecular aggregates.

The excitonic coupling, which is usually approximated as the interaction be-

tween transition dipole moments in the so-called excitonic approximation,

and mean-field effects, arising as a consequence of the reciprocal polariza-

tion between interacting molecules. In aggregates of nonpolar and hardly

polarizable chromophores, the only coupling is excitonic, and the exciton

model can be safely adopted as a guide to relate the geometrical arrange-

ment of the aggregate to its spectroscopic features, like a red (or blue) shift

of the absorption band and an enhancement (or quenching) of fluorescence,

which usually denote J- (or H-) aggregation. Conversely, aggregates of polar

and polarizable systems undergo also sizable mean-field effects, which are

responsible for cooperative nonadditive behaviour, and need to be carefully

included into theoretical frameworks to accurately rationalize experimental

data.

The ESM formalism is a powerful tool to explore the effects of interchro-

mophoric interactions in clusters of polar/polarizable molecules. Indeed,

once the few model parameters have been fixed, ESMs can be readily ex-

tended to model interacting chromophores, accounting for both excitonic

and mean-field effects. In this Work, ESMs were applied to disentangle
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excitonic and mean-field contributions to absorption and phosphorescence

spectra of interacting push-pull dyes, predicting that mean-field effects are

responsible for quite impressive variations of the phosphorescence energy

with respect to the non-interacting molecule. On the other hand, excitonic

coupling only perturbs the energy of the singlet states, leaving the triplet

manifold unaffected. These general results were corroborated by a comple-

mentary TDDFT analysis on selected examples of a nonpolar system and of

a highly polarizable one and suggest, only for the latter, the possibility to

tune phosphorescence emission through intermolecular interactions.

This conclusion is significant in and of itself, as it demonstrates, for

molecular materials made of polarizable units, the possibility to tailor the

phosphorescence energy through supramolecular engineering. For this rea-

son, we expect CT phosphorescent systems to attract more attention in

the future, especially if combined with the opportunity to switch between

two (or more) metastable aggregated phases with different emission colour

through a soft external stimulus such as pressure or heat.

The same strategy is currently exploited in fluorescent dyes character-

ized by differently packed interconvertible forms. One of the main issues

consists in relating the supramolecular organization of the dyes and its vari-

ation upon external inputs to the chemical structure of the molecule. Herein

we considered side-chain engineering as a tool to direct self-assembly. In-

deed, interchain interactions compete with the interactions driven by the

conjugated backbone, such as π− π stacking, originating differently packed

species whose relative abundancy is highly sensitive to external conditions.

Intermolecular interactions are also at the basis of scientifically and tech-

nologically relevant phenomena like EET and eT. In order to fully exploit

the possibilities offered by these processes, for example in the construction

of efficient devices for energy conversion, the comprehensive understanding

of their mechanism is highly desirable. The design and characterization of

simplified model systems, for example molecular dyads obtained from the

linkage of two active units through a suitable scaffold, offers the possibility

to focus on the interplay of a limited number of factors at a time, and also

to define a series of artificial alternatives to biomimetic systems.

Calix[4]arenes are good scaffolds for the connection of donor/acceptor

pairs, as they grant for interchromophoric distances small enough to enable
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an interaction between the EET/eT partners, they offer the choice between

different conformations allowing to control the intermolecular distance and

orientation, and their residual conformational mobility can be exploited for

functional applications.

In this Thesis, the study of a family of model bichromophoric calix[4]arene-

based systems disclosed the role of few significant factors affecting the effi-

ciency and dynamics of EET. In particular, the EET kinetics can be affected

by solvent polarity, and in nonpolar solvents a competition between forward

and backward EET may occur, repopulating the energy levels of the donor on

a long timescale. Interestingly, also the conformation of the calix scaffold is

likely to perturb the interchromophoric interactions, setting a more complex

scenario for EET, and this aspect will be further investigated in upcoming

studies. Moreover, the careful selection of the coupled chromophores, con-

cerning the alignment between their energy levels, the donor quantum yield

and the spectral overlap, may enable a competition between EET and eT.

Calix[4]arene-based dyads undergoing EET can be exploited for temper-

ature sensing at the nanoscale. The idea proposed in this Thesis exploits the

conformational mobility of cone calix[4]arenes in solution, which modulates

the interchromophoric distance of a suitable EET pair. We demonstrated

that a calixarene-based bichromophoric system can be engineered to induce

the thermal responsiveness of the scaffold, relating the efficiency of EET

to temperature, which is exploited for a ratiometric readout. The proto-

type reported herein offers good sensibility, reproducibility and robustness,

and is the first example of a EET-based molecular temperature probe ex-

ploiting the conformational mobility of a macrocyclic scaffold as the driving

force. We envisage that the same strategy can be implemented with dif-

ferent structural designs and donor/acceptor pairs, to widen the potential

area of application, including aqueous and biological media and temperature

mapping of nanoconfined environments.





Appendix A

Experimental details

A.1 Absorption and emission spectroscopy

Spectroscopic measurements at room temperature were performed on freshly

prepared air-equilibrated solutions. In order to avoid self-absorption pro-

cesses, inner-filter effects and/or aggregation, the maximum absorbance of

the samples was kept lower than 0.1, corresponding to a concentration

c ≈ 10−6 mol-1 L-1. Solvents were spectroscopic grade and were used as

received.

Absorption spectra were collected with a Perkin-Elmer Lambda 650

UV/vis double-beam spectrophotometer, and the samples were contained

in 1 cm2 quartz cells. Molar extinction coefficients were estimated as the

average of independent measurements on solutions of different concentra-

tion, obtained by dilution of a stock solution of the sample (typically c ≈
10−4 mol-1 L-1 for the stock solution). The Beer-Lambert law was veri-

fied over a concentration range spanning at least three orders of magnitude

(c ≈ 10−4 − 10−6 mol-1 L-1).

Concerning absorption spectra on ground powders, a small amount of

sample was manually ground in a mortar and then spread on the surface

of a quartz plate. The plate was then positioned vertically into the sample

holder of the spectrometer, and the light transmitted by the sample was

detected, using air as reference.

Emission spectra were collected either with a FluoroMax-3 (Horiba Jobin-

Yvon) or a FLS1000 (Edinburgh Instruments) fluorometer, both of them

221
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equipped with a Xenon lamp as the excitation source. Emission measure-

ments in the near-IR were performed with the FLS1000 instrument equipped

with a PMT-1700 detector in liquid Nitrogen cooled housing. Emission and

excitation spectra were corrected for the excitation intensity and detector

sensitivity.

Absorption and emission measurements at variable temperature were

performed in a OptistatDN (Oxford Instruments) cryostat, equipped with a

ITC601 temperature controller (Oxford Instruments). The cryostat was fit

into the sample holder of the Lambda 650 spectrophotometer for absorption

measurements on concentrated samples, and in the FLS1000 or Fluoromax-3

fluorometers for emission measurements. Qualitative temperature-dependent

absorption spectra were also collected with the FLS1000 instrument equipped

with an accessory for the detection of transmitted light.

A.1.1 Fluorescence quantum yields

Fluorescence quantum yield φ of a fluorophore measures the fraction of

molecules following a radiative decay after photoexcitation [151, 152]. It is

defined as the ratio of the number of emitted photons to the number of

absorbed photons. Practically, it can be expressed as follows

φ =
kr

kr + knr
(A.1)

where the radiative decay rate kr represents the number of emissive events

per unit time, while the nonradiative decay rate knr accounts for all the

other decay processes. The brightest emissions (φ → 1) are obtained from

fluorophores for which knr ≪ kr.

The absolute measurement of φ requires the detection of all absorbed and

emitted photons, and can be done with special equipment, called integrating

spheres. Usually, for dilute solutions, a determination of a relative quantum

yield is preferred, by comparison with a fluorophore with known φ [486]. In

this case, the quantum yield of the sample is obtained as

φ = φR
IX

IR

ODR

ODX

n2
X

n2
R

(A.2)

where φR is the quantum yield of the reference fluorophore, I is the inte-

grated emission spectrum, OD the absorbance at the excitation wavelength,
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Figure A.1: Some standards for fluorescence quantum yield measurements used in

this Work: fluorescein, rhodamine 101, cresyl violet and 1,1’,3,3,3’,3’-hexa-methyl-

indotricarbocyanine iodide (HITCI) [485]. Left panel: normalized absorption (con-

tinuous line) and emission (dashed line) spectra. The chemical structure of the

fluorophores is reported on the right.
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and n the solvent refractive index. The subscripts X and R refer to the sam-

ple and the reference respectively. This method allows for the determination

of φ with an error on the order of 10%.

The ideal standard for fluorescence quantum yield measurements absorbs

and emits in the same spectral regions of the sample, and its spectra must

be collected under the same experimental conditions. A variety of standards

are available in the whole UV/vis spectral range, a selection is presented in

Figure A.1.

A.1.2 Emission lifetimes

Together with fluorescence quantum yield, emission lifetime τ is one of the

fundamental characteristics of a fluorophore. It measures the average time

the fluorophore spends in the excited state before decaying to its ground

state. Emission lifetime is quantitatively expressed by

τ =
1

kr + knr
(A.3)

and is typically of the order of few ns.

Supposing we are exciting the sample with a pulse of light, the population

of fluorophores in the excited state [F (t)∗] follows a first-order decay:

d[F (t)∗]
dt

= −(kr + knr)[F (t)∗] (A.4)

Being [F (t)∗] proportional to the measured emission intensity I(t), integra-

tion between t = 0 and t yields the exponential function

I(t) = I0 exp (− t
τ

) (A.5)

where the lifetime τ is the time at which the emitted intensity amounts to

1/e of its initial value I0.

Emission lifetime and fluorescence quantum yield are related by

τ = φ
1
kr

(A.6)

It follows that, known φ and τ from independent measurements, it is possible

to explicitly retrieve kr and knr through Eq. A.3 and A.6.

The most common technique for the measurement of excited-state life-

times is the Time-Correlated Single-Photon Counting (TCSPC), in which
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the photons emitted by the sample are detected and counted individually.

In this work pulsed NanoLEDs or laser diodes with ps-pulses were used as

excitation sources. Electronics for TCSPC measurements were supplied to

the Fluoromax-3 instrument by the FluoroHUB module, while were built-in

by the manufacturer in the FLS1000 fluorometer. Experimental τ values

were extracted from a reconvolution analysis of the decay profiles and the

goodness of the fit was judged by the reduced chi-square value (χ2 ≤ 1.2)

and by visual inspection of the weighted residuals.

A.2 Fluorescence anisotropy

Fluorescence anisotropy describes the degree of polarization of photons emit-

ted by a sample excited with polarized light. Anisotropy measurements are

widely adopted in fluorescence studies of many biochemical systems, allow-

ing to retrieve information on the size and shape of macromolecules and the

fluidity of the surrounding medium [151]. At the same time, anisotropy is

also a useful spectroscopic tool for accessing more fundamental properties of

the excited-states of fluorophores, as we did in this Thesis work. In the fol-

lowing we will summarize the main concepts behind fluorescence anisotropy

and provide some practical information on measurement conditions.

A.2.1 Theoretical background

A typical anisotropy experiment requires two polarizers: an excitation polar-

izer, between the source and the sample, and an emission polarizer, located

between the sample and the detector (Figure A.2). The sample is excited

with vertically polarized light, and emission intensity is detected along the

same direction of polarization (I‖) and in the perpendicular direction (I⊥).

Fluorescence anisotropy r is defined as the difference between the measured

intensities normalized by the total intensity [151,152]:

r =
I‖ − I⊥

I‖ + 2I⊥
(A.7)

r is a dimensionless quantity and depends on both the excitation and emis-

sion wavelengths. When it is measured at a fixed excitation wavelength,

scanning across the emission wavelengths, it is referred to as emission ani-
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Figure A.2: Schematic view of the anisotropy measurement setup. Light from the

source (S) passes through the excitation polarizer P1, oriented along z, and excites

the sample. Emission of the sample is collected by the detector (D) through a

second polarizer (P2), that can be oriented along z (measurement of the parallel

component I‖) or along x (I⊥). Emission monochromator is indicated with MC.

sotropy. When it is collected the other way around, at fixed emission wave-

length, it is called excitation anisotropy.

In the limiting case of totally depolarized emission I‖ = I⊥, so that

r = 0. On the opposite, when emission is totally polarized along the direc-

tion of the incident light (z), I⊥ = 0 and r = 1. The latter case is never

found in practice. Indeed, r = 1 would require all the molecules in the

sample to be simultaneously oriented with absorption and emission dipole

moments along z. In solution the molecules of sample are randomly ori-

ented, so that the angle θ between the electric vector of the incident light

and the absorption transition moment of the molecule assumes a distribu-

tion of values. The probability of excitation scales with cos2 θ, so that only a

subset of fluorophores, those partially oriented along z, will be photoexcited.

This phenomenon, called photoselection, is responsible for the formation of

a population of molecules in the excited-state preferentially oriented along
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z. It is possible to demonstrate that the maximum value of r that can be

obtained in a sample undergoing photoselection is 0.4. r = 0.4 occurs when

absorption and emission dipole moments are collinear, and there are not

depolarization processes.

Rotational diffusion of the solute during its excited-state lifetime is a

source of depolarization, and may lead to a decrease of fluorescence anisot-

ropy. Small molecules rotate rapidly, completely depolarizing the signal. On

the opposite, for macromolecules with rotational times comparable to their

decay time, this phenomenon is exploited for the determination of the size.

In absence of depolarization processes, the measured anisotropy coincides

with the so-called fundamental anisotropy, r0. The fundamental anisotropy

of a fluorophore depends on the angle α between the absorption and emission

dipole moments, according to

r0 =
2
5

(

3 cos2 α− 1
2

)

(A.8)

It follows that r0 is a number between 0.4, for collinear absorption and emis-

sion dipole moments (α = 0), and −0.2, for perpendicular dipoles (α = 90°).

The angle for which r0 = 0 (α = 54.7°) is called magic angle.

Measurement of the fundamental anisotropy requires the suppression of

the solute rotational diffusion. For this reason measurements are typically

performed in highly viscous solvents (glycerol, propylene glycol, polytetrahy-

drofuran are some examples) or in a vitrified solvent. Under these conditions

the motion of solute during the excited-state lifetime can be safely neglected.

In this way, anisotropy is a powerful spectroscopic tool for the inves-

tigation of the polarization of absorption transitions relative to emission.

Usually, according to the Kasha rule, fluorescence occurs from the lowest-

energy singlet state S1, so that the angle α in Eq. A.8 is measured relative

to the S0 ← S1 transition dipole moment. Thus, in an excitation anisotropy

experiment, r is expected to assume different values corresponding to differ-

ent absorption bands, according to the specific polarization of each S0 → Sn

transition.

In the lowest-energy range, corresponding to the S0 → S1 transition,

anisotropy is expected to be close to the maximum limiting value 0.4, since in

this region the same transition is involved both in absorption and emission,

and hence α = 0. Conversely, emission anisotropy only depends on the state
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populated in absorption, and remains usually flat across the whole emission

spectral range.

A.2.2 Measurement methods

Two methods are adopted for anisotropy measurements: the single channel

method, also called L-format, in which the intensities I‖ and I⊥ are obtained

from different measurements, and the T-format, in which they are collected

simultaneously through separate channels. We will consider only the former

method, that is the one available for our experimental setup.

The emission monochromator transmits with different efficiencies the

I‖ and I⊥ components, leading to r 6= 0 also for completely depolarized

light. Therefore, the experimental protocol must quantify and remove these

artifacts.

The effective intensities measured when both excitation and emission

polarizers are vertically oriented (IV V ) and when the second polarizer is

turned horizontal (IV H) can be written as

IV V = kSV I‖ (A.9)

IV H = kSHI⊥ (A.10)

where we denoted with SV (SH) the sensitivity of instrumental optics for the

vertically (horizontally) polarized light, and k is an instrumental constant.

Dividing Eq. A.9 by Eq. A.10 one obtains:

IV V

IV H
= G

I‖

I⊥
(A.11)

where G, also called G-factor, depends on the emission wavelength and is

given by:

G =
SV

SH
(A.12)

G can be experimentally determined from measurements with horizontally

polarized excitation light (IHH and IHV ). Under this condition both emis-

sion polarization directions become perpendicular to the polarization of ex-

citation, and proportional to I⊥. Differences between IHH and IHV are due

to the detection system only:

IHV

IHH
=
SV I⊥

SHI⊥
=
SV

SH
= G (A.13)
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Once the G-factor is known, anisotropy can be calculated as:

r =
IV V −GIV H

IV V − 2GIV H
(A.14)

In this Thesis, anisotropy was exploited to explore the polarization of

the excited-states in a variety of fluorophores. Thus, we chose experimental

conditions minimizing rotational diffusion during the excited-state lifetime,

ensuring r = r0.

Anisotropy measurements were performed on dilute solutions to mini-

mize scattering and re-absorption processes and, depending on the system

under investigation, we employed either a viscous or glassy solvent. Poly-

tetrahydrofuran is a mildly polar and viscous solvent at room temperature,

and was used as received. Measurements in glassy solution required instead

more careful sample preparation. The solvents chosen were methylcyclo-

hexane and 2-methyltetrahydrofuran, and both of them undergo the forma-

tion of a transparent glass when rapidly cooled below their glass transition

temperature. To remove traces of moisture, that could lead to solvent crys-

tallization, solvents were stored overnight under molecular sieves (0.3 nm)

and were filtered on Teflon® disposable filter before use to eliminate residual

dust.

2-methyltetrahydrofuran solutions were vitrified in a OptistatDN (Ox-

ford Instruments) cryostat, using liquid nitrogen as the cooling agent. The

cryostat is equipped with an external chamber for thermal insulation kept

under high vacuum. Samples, contained in special cuvettes for cryogenics,

were inserted in the central chamber of the cryostat, located in the lower

part, and possessing transparent windows to allow optical contact with the

exterior. The sample chamber was evacuated with a rotatory pump and

filled with dry Helium at ambient pressure which, having a good thermal

conductivity, ensures good thermal exchange. The liquid nitrogen stored in

a reservoir flows by gravity on a capillary tube at a flow rate controlled by

a valve, cooling the sample by convection. The maximum speed of cooling

of this system is ∼ 20°C/min. Once the minimum temperature (77 K) was

reached, the sample was left equilibrating for a few minutes before measure-

ment.

The maximum cooling speed of this setup was too slow to induce vitri-

fication of methylcyclohexane, for which a different technique was adopted.
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In this case the solution, contained in a special quartz tube, was directly

immersed into a transparent quartz dewar filled with liquid nitrogen and

fitted into the fluorometer, promoting instantaneous formation of a good

quality glass.
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An introduction to

(Time-dependent) Density

Functional Theory

B.1 The electronic problem

A molecule is a collection of nuclei and electrons interacting via electrostatic

forces. The molecular Hamiltonian can be written as:

Ĥ(r,R) = T̂N (R) + T̂e(r) + V̂ (r,R) + Û(r) + Ŵ (R) (B.1)

where we indicated with r and R the families of electronic and nuclear

coordinates respectively.

The first two terms, T̂N and T̂e, are the kinetic energy operators for

nuclei and electrons:

T̂e = −
N

∑

i=1

~
2

2me
∇2

i (B.2)

T̂N = −
Nn
∑

α=1

~2

2Mα
∇2

α (B.3)

where me is the mass of the electron, Mα the mass of the α-th nucleus and

summations run over the N electrons and the Nn nuclei of the molecule.

The operator V̂ describes the total potential acting on the electrons:

V̂ =
N

∑

i=1

v(ri) (B.4)
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which is given by the Coulomb interaction of the electrons with the distri-

bution of nuclei:

v(r) = −
Nn
∑

α=1

Zαe
2

|r −Rα|
(B.5)

where we indicated with Zα the charge of nucleus α.

Û represents the electron-electron interaction

Û =
1
2

N
∑

i=1

N
∑

j=1

e2

|ri − rj |
(B.6)

while the last term Ŵ accounts for the repulsive interactions between nuclei:

Ŵ =
1
2

Nn
∑

α=1

Nn
∑

β=1

ZαZβe
2

|Rα −Rβ|
(B.7)

The j-th wavefunction Ψj of the system can be obtained from the reso-

lution of the Schrödinger equation

ĤΨj(r1, ..., rN ) = EjΨj(r1, ..., rN ), j = 0, 1, 2, ... (B.8)

As far as we are concerned with a molecule in the ground-state, we are

interested in the ground-state wavefunction Ψ0. The wavefunction contains

all the information needed on the system. For example, if we are interested

in the property expressed by the quantum mechanical observable Ô, we can

simply calculate its expectation value in the ground-state by

Ogs = 〈Ψ0| Ô |Ψ0〉 (B.9)

Solution of Eq. B.8 is a nontrivial task. A simplification of the problem

can be achieved resorting to the Born-Oppenheimer (BO) approximation,

which allows for the separation of nuclear and electronic degrees of freedom.

The nuclear mass is several orders of magnitude larger than the mass of

the electron, so that nuclear and electronic motions occur on a different

timescale. The nuclei move slowly compared to electrons, and thus we can

assume they are fixed. This corresponds to neglecting the nuclear kinetic

energy in Eq. B.1 by setting T̂N = 0. Under this assumption, Ŵ (R) becomes

a constant depending on the configuration of the nuclei and the remaining

Hamiltonian depends parametrically on R.
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In the BO approximation, the many-body Hamiltonian describing the

motion of the electrons in the field of fixed nuclei reads

Ĥ(r,R) = T̂ (r) + V̂ (r,R) + Û(r) (B.10)

where we set T̂e = T̂ to simplify the notation.

Once the system is defined, i.e. a specific V̂ is chosen, the solution of

Schrödinger equation B.8 returns Ψ0, that allows to calculate any property

of interest.

The Schrödinger equation can be solved exactly only for non-interacting

systems. So far, many approaches have been developed to solve the many-

body problem in an approximate way. For example, Hartree-Fock (HF)

and Configuration Interaction (CI) methods, known as ‘wavefunction-based

techniques’, expand the wavefunction in terms of Slater determinants and

look for a variational solution of the Schrödinger equation. Although the

wavefunction-based approach proved successful, it suffers from high compu-

tational cost and its application is limited to systems of small size. More ef-

ficient techniques are required to deal with complex and large systems [487].

B.2 Density Functional Theory

Density Functional Theory (DFT) constitutes an alternative and comple-

mentary approach to traditional wavefunction-based quantum chemical meth-

ods. In principle, DFT is equivalent to solving the Schrödinger equation,

but focuses, rather than on the wavefunction, on the electron density [157,

487–489].

DFT is an electronic structure method for the ground state of quan-

tum chemical systems. It is based on the idea that all the information on

a many-electron system can be obtained from the electron density of the

ground-state, without the need of calculating the wavefunction. Today it is

the method mostly employed for electronic structure calculations in physics

and chemistry, thanks to its versatility and satisfactory accuracy for fairly

complex and sizable systems.

The electron density n0(r) describes the spatial distribution of the N

electrons:

n0(r) = N

∫

d3r2 . . .

∫

d3rN |Ψ0(r, r2, . . . , rN )|2 (B.11)
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The main assumption of DFT is that knowledge of n0(r) implies the knowl-

edge of the wavefunction and all other observables.

Foundations of DFT rely on the Hohenberg-Kohn (HK) theorems [155].

The first HK theorem states that given a ground-state density n0(r), it is

possible to calculate the corresponding ground-state wavefunction Ψ0(r1, ...rN ).

In other words, the ground-state wavefunction is a unique functional of the

ground-state density: Ψ0[n0]. It follows that any other observable Ô is a

functional of the density as well.

According to the second HK theorem, the variational principle for the

wavefunctions holds true also for the density. The energy Ev0 of a system

described by a potential v0(r) can be calculated as

Ev0[n] = 〈Ψ[n]| T̂ + V̂0 + Û |Ψ[n]〉 (B.12)

where Ψ[n] is a generic ground-state wavefunction reproducing the density

n. Following a variational treatment, the density which minimizes the en-

ergy B.12 is the ground-state density n0 corresponding to v0(r) or, in more

general terms

Ev[n0] < Ev[n′] for n0 6= n′

Ev[n0] = Ev[n′] for n0 = n′
(B.13)

The energy of the system can also be written as

Ev[n] = T [n] + U [n] + V [n] (B.14)

In the equation above, T [n] and U [n], defined by the expectation values of

the operators T̂ and Û (Eq. B.2 and B.6) are universal functionals, i.e. they

are independent of the choice of v0(r). On the opposite V [n], defined as

the expectation value of the operator V̂ (Eq. B.4), depends on the specific

system at hand and, once the potential is fixed, assumes the explicit form

V [n] =
∫

d3rn(r)v(r) (B.15)

However, minimization of the energy functional B.12 is not the most

efficient technique for the calculation of n0, and a more convenient strategy

will be described below.

So far, DFT introduces an enormous simplification of the problem. In-

deed, the use of the density is a very convenient choice: it is an intuitive
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physical observable and, most of all, it is a function of only three spatial coor-

dinates, irrespective of the size of the system. Conversely, the wavefunction

is much difficult to handle, since it contains 4N variables, three spatial co-

ordinates and one spin coordinate for each electron, and its dimensionality

increases exponentially with the number of electrons.

The following step is to obtain the electron density bypassing the solution

of the Schrödinger equation. This problem is solved in the Kohn-Sham (KS)

formalism [156]. Specifically, we define a non-interacting system, the KS

system, possessing the same ground-state electron density of the interacting

system. For the non-interacting system, the electron density can be easily

retrieved as the sum of the squares of the single-particle orbitals ψj(r)

n0(r) =
N

∑

j=1

|ψj(r)|2 (B.16)

where the orbitals satisfy the Kohn-Sham equation
[

− ~
2∇2

2me
+ vs[n](r)

]

ψj(r) = εjψj(r) (B.17)

The KS equation is a single-particle Schrödinger equation whose solution

is a single Slater determinant. The potential vs is chosen as the single-

particle potential that yields orbitals which, inserted in Eq. B.16, give the

exact electron density of the interacting system. This effective potential is,

of course, functional of the density: vs[n](r). vs is unknown, and can be

conveniently decomposed into different contributions:

vs[n](r) = v0(r) + vH(r) + vxc[n](r) (B.18)

The first term, v0, is the external potential arising from the interaction

between electrons and nuclei, while vH(r) is the classical Coulomb electron-

electron interaction, also known as Hartree potential. The last term, vxc, is

called exchange-correlation (xc) potential and contains all the many-body

effects:

vxc[n] =
δExc[n]
δn(r)

(B.19)

vxc is the only unknown contribution to vs and it can be calculated explicitly

only when an approximation for Exc[n] is chosen.

It can be demonstrated [487] that the density B.16 obtained from the

exact solution of B.17 is precisely the energy that minimizes B.12. In this
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way, the problem of minimizing E[n] reduces to the solution of a Schrödinger

equation for a noninteracting system, i.e. a many-body problem is converted

into a single-body problem. Since vH and vxc depend on n, which in turn

depends on vs via the orbitals ψj , this problem is solved adopting an iterative

procedure. Starting from a guess of n(r), an estimate of vs(r) is obtained

which, inserted in Eq. B.17, allows to get ψj . With ψj , a new estimate

of n(r) is calculated and the cycle repeated until convergence is attained.

Once n0 has converged, the total energy of the system can be obtained by

Eq. B.14.

DFT theory is formally exact. However, its practical application requires

at least two levels of approximation [487]. The first and most important one

arises from the choice of the xc energy functional. The second concerns the

computational scheme adopted for the solution of the differential equation

B.17, which is a source of numerical inaccuracies.

Many approximate models have been developed for the xc energy func-

tional. Exc[n] is usually divided into an exchange part and a correlation

part. Both of them can be local, i.e. functionals of the electron density only,

or gradient-corrected, i.e. functionals of both n and its gradient ∇n.

The simplest model is known as Local Density Approximation (LDA),

and adopts the xc energy of an homogeneous electron gas. It is a good

option for solid state physics but a poor approximation for atoms and

molecules. Gradient-corrected functionals offer an improvement over the

LDA approach, and are of different classes: in Generalized Gradient Ap-

proximation (GGA) methods, the variables are the density and its first

derivative, while meta-GGA methods also include higher-order derivatives

of n.

Very popular and accurate methods are the so-called hybrid methods,

which include a mixture of Hartree-Fock (HF) exact exchange energy and

DFT exchange and correlation. They differ for the type of functionals that

are mixed and for the different weight assigned to the HF and the DFT

parts. One of the most popular hybrid functionals is B3LYP, a combination

of a GGA functional (LYP) [490] for correlation with the hybrid functional

B3 for exchange [158].
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B.3 Time-dependent DFT

DFT offers a solution to the stationary many-body problem, describing

atoms and molecules in their ground-states. Interaction of electromagnetic

field with matter, as relevant to spectroscopy, requires an extension of the

DFT theory, called Time-Dependent DFT (TDDFT). TDDFT is a theoret-

ical approach to non-stationary systems providing a formally exact method

to calculate excitation energies [487,491–496].

Over the past 20 years TDDFT became increasing popular for the mod-

elling of the optical properties of molecules. Properties and phenomena in-

vestigated so far include linear and nonlinear optical spectra, circular dichro-

ism, X-ray absorption and photoisomerization, to cite a few [165, 494, 497].

Applications range from chemistry to biology, including organic dyes, transi-

tion metal complexes, polymers, clusters of different nature and size, solids,

metals and semiconductors [165, 497–499]. In the future TDDFT aims

at the description of more complex systems, for example macromolecules,

biomolecules like DNA fragments and light harvesting complexes [487].

TDDFT borrows many concepts from DFT, such as the idea of replacing

the role of the wavefunction with the electron density and the definition of

an auxiliary system allowing to map the problem of an interacting system

onto a non-interacting system.

The evolution of a N -electron system is described by the time-dependent

Schrödinger equation

i
δ

δt
Ψj(r1, . . . , rN , t) = Ĥ(r1, . . . , rN , t)Ψj(r1, . . . , rN , t) (B.20)

where the time-dependent Hamiltonian Ĥ(t) reads

Ĥ(t) = T̂ + V̂ (t) + Û (B.21)

In the equation above, T̂ and Û are the operators associated to kinetic

energy and electron-electron interaction, as in the stationary Hamiltonian

B.10, while V̂ is a time-dependent external potential, that can be written

as a sum of one-body potentials:

V̂ (t) =
N

∑

j=1

v(rj , t) (B.22)
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TDDFT deals with systems in which the external potential can be treated

as a weak perturbation, as it is the case for optical spectroscopy.

In this context, the electron density n(r, t) is a time-dependent function

giving the probability of finding the electron at position r at time t:

n(r, t) = N

∫

d3
r2 . . . d

3
rN |Ψ(r, r2 . . . rN , t)|2 (B.23)

The central theorem of TDDFT is the so-called Runge-Gross theorem

[162], stating that, for a system evolving from a fixed initial state, there is

a one-to-one correspondence between the external time-dependent potential

v(r, t) and the electronic density n(r, t). Namely, the potential, as well as the

time-dependent wavefunction and all the other observables, is a functional

of the density.

As for ground-state DFT, one can resort to Kohn-Sham formalism, defin-

ing a system of N noninteracting particles subject to an external local po-

tential vKS, chosen as the potential that gives for the KS system the same

electron density of the interacting system. Electrons of the KS system obey

the time-dependent Schrödinger equation B.20, where the KS Hamiltonian

reads

ĤKS(r, t) =
[

− ~
2∇2

2me
+ vKS[n](r, t)

]

(B.24)

The potential vKS[n](r, t) is usually written as the sum of three contribu-

tions:

vKS[n](r, t) = v(r, t) + vH(r, t) + vxc[n](r, t) (B.25)

The first term, v, is the external potential, vH accounts for the time-de-

pendent electrostatic electron-electron interactions and vxc, the xc poten-

tial, includes all the many-body effects and is the only unknown part. vxc

is a functional of the electron density, the initial state of the system Ψ0 and

the initial state of the KS system Φ0: vxc[n,Ψ0,Φ0](r, t). However, since

we are usually interested in systems evolving from their ground-state which,

according to the first HK theorem, is a functional of the ground-state den-

sity, the xc potential can be regarded as a functional of the density only:

vxc[n](r, t). The explicit form chosen for vxc is the only approximation at

the heart of TDDFT, as in ground-state DFT. Usually, in the choice of the

xc functional, the dependence of the xc potential at time t on the history of

the density is neglected, in the so-called adiabatic approximation [487,494].

Many functionals developed for DFT are also available in TDDFT.
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The choice of the xc functional is a delicate issue and must be done

according to the specific system at hand and the target properties. For

example, it is well-known that standard hybrid functionals such as B3LYP

are affected by over-polarization problems, giving spurious CT states and/or

sizable errors in the excitation energies of CT transitions [167–169]. A better

choice for CT systems are range-separated hybrid functionals [500,501], such

as CAM-B3LYP [170] and ωWB97X-D [266], which provide a more accurate

description of the electron-hole interaction [165].

Excitation energies, one of the key informations contained in photoab-

sorption spectra, can be obtained from a TDDFT calculation adopting the

linear response theory (LR-TDDFT) [502].

The key quantity is the response function χ(ω), quantifying the change

in density corresponding to a minimal variation of the applied potential:

δnσ(r, ω) =
∑

σ′

∫

d3r′χσσ′(r, r′, ω)δvσ′ (r′, ω) (B.26)

The poles of χ(ω) are the true excitation frequencies of the system. The

numerical calculation of χ(ω) is a tough task, and a preferred procedure

is to replace the explicit calculation of χ(ω) with the solution of a pseudo

eigenvalue equation yielding directly the excitation energies [492]. It was

demonstrated [503] that the solutions of χ−1(ω) = 0 are also solutions of

the following eigenvalue problem, also known as Casida equation, nowadays

implemented in most TDDFT codes [504]:





A B

B A









X

Y



 = ω





1 0

0 −1









X

Y



 (B.27)

where A and B are Hessian matrices defined in the product space Si × Sa

being Si and Sa the space of the occupied and virtual states, and X and

Y define the character of the transition in terms of excitations and de-

excitations respectively.

Briefly, the procedure for extracting transition frequencies involves the

solution of the ground-state KS equation in order to find the KS orbitals and

their eigenvalues. This information is used to build the A and B matrices

and then Eq. B.27 is solved numerically to find at least the lowest eigenvalues

ω, corresponding to the vertical excitation energies of the system. Vectors X
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and Y provide information on the character of the transitions and, together

with the dipole matrix, can be used to retrieve oscillator strengths.

An approximation to TDDFT is the so-called Tamm-Dancoff Approxi-

mation (TDA) [271]. TDA consists in decoupling excitations and de-excita-

tions, setting B = 0 in Eq. B.27. It corresponds to allow only excitations

from occupied to virtual orbitals (and not also vice-versa), and practically

consists in the solution of AX = ωX. Not only TDA is beneficial in re-

ducing the computational cost of full TDDFT calculations, but it also over-

comes the triplet instability problem [505, 506] and gives a better estimate

of triplet energies, usually underestimated by full TDDFT. However, care

should be taken in the interpretation of the oscillator strengths obtained

from TDA calculations, since they do not satisfy the Thomas-Reiche-Kuhn

sum rule [507–509]. It has also to be noted that the TDA accuracy on triplet

states comes at the price of less accurate energy of the singlets, compared

to their TDDFT counterpart [165].

Solvation effects are included in both DFT and TDDFT calculations

according to two different schemes: explicit and implicit models. In the

former, the solute is surrounded by a finite number of solvent molecules

treated explicitly, usually within molecular mechanics. This method has the

advantage of a detailed description of specific solvent-solute interactions,

however it is computationally demanding. Conversely, implicit models treat

the solvent as a continuum equilibrated with the charge distribution of the

solute [510].

The most common implicit model is the Polarizable Continuum Model

(PCM), in which the solute is embedded in a cavity inside the solvent,

treated as a polarizable dielectric characterized by its dielectric constant

[511]. Within PCM, different schemes have been proposed for the calculation

of excitation energies, among them the linear response (LR) method [160]

and state-specific (SS) method [166,512]. In the SS approach, for each tran-

sition the Schrödinger equations are solved for both the ground and the

excited-state, and the transition energy is calculated as difference between

the corresponding energies. Conversely, in the LR approach the excitation

energies are obtained directly as the poles of the linear response function,

without explicitly calculating the wavefunctions. This method is largely

adopted for solvated molecules in general: it is efficient in terms of compu-
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tational resources, and allows to access the properties of several states at

once. A drawback of the LR approach is that the excited-state dipole mo-

ments are approximated by the transition dipole moments, that could lead

to large errors on CT states. SS offers a more complete physical description,

but is computationally expensive and allows the calculation of the energy

only and for one state at a time. For this reason SS is usually exploited

for the refinement of the energy output of a LR calculation, only for a few

states of interest [513], and is specifically recommended for CT systems.

TDDFT usually provides accurate results on excited-states. The average

error on transition energies amounts to ∼ 0.4 eV compared to experiment.

The accuracy on structural properties of excited-states is comparable to

that of DFT for the ground-state: the estimated error amounts to 1% for

bond lengths and 5% for dipole moments and vibrational frequencies [494].

Depending on the implementation, the computational cost of TDDFT scales

as N2 or N3, one or two orders of magnitude better than wavefunction-based

methods. For this reason, while the latter are limited to systems with 50

atoms at most, TDDFT allows to study systems of hundreds of atoms with

current average available computer resources [487].
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