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Chapter

Introduction

The increasing energy demand in the near future will force us
to seek environmentally clean alternative energy resources. The
present thesis fits in this context. Therefore, the aim of the work
is to obtain pieces of information about systems capable to give
photoindeced charge transfer for their application in third genera-
tion photovoltaic systems, such DSSC and solar concentrators. In
addition some supramolecular systems have been investigated for
excited energy transfer in order to be used as antenna system in ar-
tificial photosynthetic devices. These experiments were performed
with steady-state photochemical measurements and ultrafast laser
technique in order to allow a better understanding of the overall
mechanisms and the optical properties of these systems.

In the last few years, the emergence of nanomaterials as new build-
ing blocks for the construction of light harvesting assemblies has
opened up new pathways in the usage of renewable energy sources.
This part of the work was carried out in collaboration with the
research group of Prof.ssa Loredana Latterini at the University of
Perugia. CdTe quantum dots were chosen and they have been syn-
thesized in aqueous solution with soft chemical procedures and re-
specting green chemistry principles.

Since exciton generation and recombination dynamics in semicon-
ductor nanocrystals are very sensitive to small variations of dimen-
sions, shape and surface capping, we have previously characterized



2 INTRODUCTION

the optical properties of these materials using 3-mercaptopropionic
acid and 1-thioglycerol as stabilizers. The morphological and steady-
state optical characterizations shown a strong influence of the sta-
bilizers on the luminescence properties, likely due to the size dis-
tribution of the colloids and to the defects created during the syn-
thesis process. A combined study by single photon counting and
femtosecond transient absorption techniques has shown a different
electronic evolution in the particles with different capping agents.
Electron-hole radiative recombination occurs with nonexponential
decays for both colloids, although the average decay time values (in
the order of tens of nanoseconds) are different for the two samples.
The ultrafast characterization is performed exciting each sample
with two different wavelengths (near the band gap and at higher
energy) for both samples. Transient absorption spectra show two
different decaying signals associated to the bleaching of the band-
gap transition band and to the excited transient absorption of the
electrons in the conducting band. The signals in the time domain
show a quite complex behaviour involving a rise component and a
triexponential decay. The data are analysed in terms of dynamic
processes considering surface trapping states, Auger recombination
and electron-hole radiative recombination processes. Significant
differences on the decay times were recorded on nanocrystals with
different capping agents.

As a next step, we have investigated the possibility to transfer
the electrons from CdTe-MPA capped quantum dots to an electron
acceptor system as methiviologen (MV?2*1). Steady-state measure-
ments have confirmed the presence of a static interaction between
the nanocrystals and M V2 molecules. Ns-laser transient absorp-
tion experiments have been carried out to investigate the nature
of the interactions between the nanocrystals and MV 2+ molecules.
Upon excitation of the nanocrystals at 355 nm, the transient spec-
tra, detectable only in the presence of M V2% show the formation
of transient signals due to MV?" transient species. Femtosecond
transient spectroscopy has shown a significative reduction of the
exciton lifetime due to electron capture from MV?2" and a strong
influence on the decay time of the trapping state and Auger recom-
bination.

Subsequently, the investigation has been extended to a molecular



organic system (F500), a promising system to be utilized in so-
lar concentrators. It gives intramolecular charge transfer process.
When the dye is excited, the charge is transferred from the electron
rich thiophenic groups to the acceptor group represented by a ben-
zothiadiazole. We have performed a characterization study in which
the solvatochromic effect was investigated as a function of the sol-
vent polarity. Steady-state measurements have shown the presence
of molecular conformers with increasing solvent polarity. Further-
more, a significant variation of the dipole moment was observed.
The analysis of ultrafast transient spectra has shown a strong de-
pendence from the different molecular conformers. Lastly, we have
compared the data obtained for F500 in solution with those ob-
tained by dispersing the molecule in a PMMA solid matrix. These
measurements have shown a similar behavior with the molecules
dispersed in apolar solvents.

As antenna systems for photosynthetic devices, we have investi-
gated a BODIPY-Aminostyryl pyridinium bichromophore complex
and a calix[4|arene supramolecular system. A first analysis of BOD-
IPY bicromophore with stationary techniques using chloroform and
acetonitrile as solvents, has shown a small coupling between the
two dyes when these are linked togheter. However, from the emis-
sion quantum yields is evident the presence of an efficient excited
energy transfer influenced by the nature of the solvents. Ultra-
fast transient spectroscopy measurements confirmed the efficiency
of this process, characterized by a time constant of few hundreds
femtoseconds. The transient spectra have also shown an impor-
tant dynamical Stokes shift and a delayed transfer process due to
different structural conformations of the bichromophore. Further
information about energy transfer process have been achieved by
inserting in F'orster model the center-to-center separation obtained
by Ab initio structural calculations.

The supramolecular calix|[4]arenes assemblies were studied using
Nilered as an acceptor and NDB as a donor. In order to ob-
tain new pieces of information about the electronic evolution and
energy transfer efficiency with different structure conformation of
calix|[4]arene, steady-state measurements and transient spectroscopic
characterization have been used in solution with organic solvent
at different polarities. Steady-state measurements have shown ab-
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sorption spectra with profles given by the sum of the spectra of
the reference compounds, while the emission data have allowed to
observe a very efficient excitation energy transfer from the donor
NBD to the acceptor Nilered. Transient absorption measurements
have been performed on the single reference compounds and on the
supramolecular structures in order to understand how the proper-
ties of the chromophores are influenced in a blocked system. Tran-
sient absorption spectra show three different decay signals affected
by the different structural conformations and by the solvent polar-

ity.



Chapter

Theoretical Background

2.1 Electron Transfer

Photoinduced electron transfer is one of the most important
phenomena in nature and it plays a fundamental role in processes
studied in biology, physics and chemistry. Understanding this pro-
cess in well-defined artificial systems may lead to further insight
into the primary events occurring in the biological processes re-
sponsible for a large part of the energy production on earth. Indeed
electron transfer occurs in photosynthetic reaction center where the
electron transfer is used to create a charge imbalance across a mem-
brane, originating a proton pumping mechanism to produce ATP.
Moreover nonradiative and radiative electron transfer also plays a
key role in many processes involving isolated molecules and super-
molecules, condensed phases, surfaces and interfaces, electrochem-
ical systems and in solar cells. His presence in vital, environmental
and artificials processes underscores the great importance of this
phenomenon.

Light induced electron transfer is a process in which an electron
is transferred from an electron donating species (D) to an electron
accepting species (A). The mechanism is well summarized in Fig-
ure 2.1 where the electron transfer occurs after the excitation of
one of the two components with light radiation. The charge trans-
fer state created can evolve through different pathways. The more



6 THEORETICAL BACKGROUND

e (DF - AR )*
LU &J’ R &
ET
_—
hv
HO 20 e 20
D* A = g A"

Figure 2.1: Molecular orbital schematic for photoinduced electron
transfer !

common situation is when the excited state of a fluorophore acts as
an electron acceptor, a typical example is an electron-rich moiety
which can donate electrons to an acceptor!!). Considering photo-
voltaic devices of third generation, the species that acts as donor
is that which is excited by light radiation. A process that can fol-
low charge separation is the charge recombination or back electron
transfer leading to the initial relaxed state. This common process
is often the limiting factor of the yield of an event of charge transfer.

2.1.1 Theory and Molecular Models of Electron Trans-
fer

The results of a phothoinduced electron transfer is the forma-
tion of a cation-anion pair due to the excitation of one of the two
species (donor or acceptor) with electromagnetic radiation. It fol-
lows that this process produces a fluorescence quenching of the
excited species competing with the radiative and nonradiative pro-
cesses, as shown in Figure 2.2, going to influence the fluorescence
quantum yield and the excited state lifetime. Therefore, the elec-
tron transfer can be regarded as an extra deactivation path of the
excited singlet state that can occur along with the internal conver-
sion (IC), intersystem crossing (ISC) to the triplet manifold, and
emission. However other mechanisms can be responsible for emis-
sion quenching as the energy transfer (see below), hydrogen bond,
proton transfer and the heavy atom effect.
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Figure 2.2: Perrin-Jablonski diagram 2!

The electron transfer depends on the redox properties of the donor
acceptor couple together with the excitation energy. In polar sol-
vents it can be said that the Gibbs free energy change for charge
separation (AGcg), is given by:

AGeg = P (PT/DI=ENAT/A) _ AR, (2.1)

The excitation energy (AEp) must be higher than the energy cost
to oxidize the donor and to reduce the acceptor. For a single specie
in solution, the fluorescence quantum yield and the fluorescence
life time can be described using the rate constants (k) of the basic
processes (fluorescence, phosphorescence, IC and ISC). But the in-
troduction of a second chromophore group may lead to a number
of other decay processes and if the charge separated state (CS) is
formed out of a locally excited acceptor state the process is called
hole transfer (HT):

ET

D-AM pr— AL Dt 4~ (2.2)
D—AM p— a5 pt 4~ (2.3)

In case of a strong electronic coupling between the ground state, the
CS state and a locally excited state, or between the ground state
and a CS state, a charge transfer absorption band can be observed.

7
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This represents the direct excitation to the CS state. The energy
level of a CS state depends strongly on the solvent polarity and it
is more stabilized in polar solvents due to the very polar nature of
this state.

The efficiency of the electron transfer processes depends by the rate
constant of the transfer and by the rate constant of the other radia-
tive (k) and nonradiative (ky,,) competing deactivation pathways.
The lifetime constant for an excited donor molecule D* (or accep-
tor A*), is given by the inverse of the sum of the of the rates of all
decay processes as shown in eq.2.4:

11
Z kdecay B kr + knr

The quantum yield of fluorescence (¢, ) is defined as the fraction of
excited molecules that decay via fluorescence. When both ¢, and
Tp+ are known, k, it is possible calculate:

ér
Fr

TD* = (24)

Tp+ = (2.5)
The lifetime of the excited dono can be determined by time-resolved
absorption spectroscopy, time-resolved fluorescence spectroscopy
and time-resolved microwave conductivity.

If we consider a system with an electron acceptor species where
charge transfer phenomena occur, the eq.2.4 becomes:

1

= - 2.6
kr + knr + kET ( )

TD*—A
Assuming that the introduction of an acceptor does not influence
the rates of the other deactivating processes, the excited donor kg
can be determened:

1 1

kpr = (2.7)

TD*—A TDx

O
TkET_¢D*—ATD* 7(D*) 28)

Another way to determine the value of kg is the absorption mea-
surements of the charge transfer state by transient absorption tech-
nique.
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2.1.2 A Semi-Classical Theory

A semi-classical approach has been addressed by a number of
workers to include quantum effects into the classical Marcus the-
ory [3-6],

The necessity to introduce quantum effects become clear introduc-
ing the harmonic oscillator vibrational energy levels within the po-
tential curves. The nonadiabatic electron transfer between donor
and acceptor centers is treated by the Fermi golden rule of per-
turbation theory, and the rate constant for the transfer process is

given by eq. 2.9:

2w
ket = + (R |H| P)|* |(ruiv|puin)| 26(Er — Ep)
2
=+ (R I|H| P)* |{ruiv|puin)| 2p(Ep)
3 2 (2.9)
=5 ((R|H|P)|" (DFWC)
27

= —(DFWC
HRP( )

where the electron transfer rate constant is given first in terms of
isolated levels for the reactant and product, then in terms of density
of states, p(Ep) of the product, and finally in terms of density
of states weighted Franck-Condon factor (DWFC). As regarding
the other parameters, Hrp is the electronic matrix element that
mixes the donor and acceptor states, |ry;p > and |py > represent
vibrational states of reactants and products respectively and H is
the Hamiltonian for the entire system. Using the polaron model,
where two electronic states coupled with a number of vibrational
levels, is possible write the hamiltonian of the system as follows:

H =|R >< R| +

1
0 2
ER + B zl: fila — ary)

(2.10)

|P >< P| +

1
0 2
Ep + B Zz: filar —qpy)

(|R>< P|+ |P >< R|)Hgrp

where the first term in braces is the reactants energy and the sec-
ond set of braces is the same energy term for the products, E% and

9
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E% are respectively the energy origin of the states and are charac-
terized by the force constant f; for the 1 mode, whose displacement
origin is gqr 1, and gpr, in the reactants and products respectively.

In addition to the classical solvent motion, one can specifies one
coupled vibration characterized by frequency w and equilibrium
displacement Age, then is possible to define the intramolecular re-
organization energy for this mode as:

5= (3) @ar (2.11)

from eq. 2.11 is possible obtain an adimensional parameter that
describe the electron coupling and is called Huang-Rhys factor or
electron vibrational coupling constant. This factor is represented
in eq. 2.12:

g (f;) (2.12)

generalizing the equation of the k. for diabatc electron transfer for
one coupled mode in the quantum mechanical limits, is possible
obtain:

1
o 1 3
— 22 - - F .
Fee = 5 Hrp <4Tr)\kBT) (FC) (2.13)

where FC is the Franck-Condon factor

sv' (A + V'hw + AGY)?
(FC) = Zexp(—S)mexp [— INERT

/

(2.14)

v

The term in front the FC factor is the frequency of electron transfer
in the absence of barrier and contains Hgrp and the classical den-
sity of states. The FC factor consists of the sum over all possible
vibrational overlap integrals between the initial vibrational level v
and the final level. v’. Each individual v’ represents a separate
v = 0 — v’ reaction channel. Each separated exponential term
in the sum is the population of molecules having the required en-
ergy to undergo electron transfer with energy conservation through
channel v = 0 — v’. The sum is dominated by those channels for

10
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which |AG®| ~ X + v'Aw, so there is a close energy match between
the energy released (AGY) and the sum of the reorganization en-
ergy and the initial product vibrational energy (v’hw).

In the case of thermal excitation of the local molecular and medium
highfrequency modes, theories mentioned before predicted the clas-
sical Marcus relation in the normal Marcus region. While in the
inverted region, significant deviation on the parabolic energy gap
dependence is expected (Figure 2.3). The inverted Marcus region

1073

we = 1500 cm™!
A =2000 cm™!

104 T=300K

1075

1078

107

2000 2000 6000 10000 14000 18000

108
—AG em™!

Figure 2.3: The energy gap dependence of the nuclear Franck—Condon
factor, which incorporates the role of the high-frequency intramolecu-
lar modes. S. = A/2 is the dimensionless electron—vibration coupling,
given in terms that reduce replacement (A) between the minimum of the
nuclear potential surfaces of the initial and final electronic states!!

cannot be experimentally observed if the stabilization of the first
electron transfer product for the accounting of the high-frequency
vibrational mode occurs faster than the equilibrium of the solvent
polarization with the momentary charge distribution can be estab-
lished. Another source of the deviation is the nonparabolic shape
of the activation barrier[].

11
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2.2 Energy transfer

In the previous section has been discussed how the excitation
can be transferred through a charge transfer from a donor to an ac-
ceptor molecule. In this section will be treated how this excitation
exchange occurs by an energy transfer, always between donor and
acceptor species.

The energy transfer between different states represents an impor-
tant part on the photochemistry and photophysics behaviour deter-
mination of the molecules, which occurs in a variety of situations.
The most important distinction should be made between radiative
and non-radiative transfer but is possible differentiate the process
in heterotransfer or homotransfer and if the transfer occurs by in-
termolecular way between two different species in solution, or by
intramolecular mechanism where the donor and the acceptor is two
diffrent groups prensent in the same molecule.

It is important to distinguish between radiative and non-radiative
transfer. Radiative transfer corresponds to the absorption by an
acceptor molecule of a photon emitted by a donor molecule, and is
observed when the average distance between donor and acceptor is
larger than the wavelength. Such a transfer does not require any
interaction between the partners, but it depends on the spectral
overlap and on the concentration. In contrast, non-radiative trans-
fer occurs at distances less than the wavelength, without previous
emission of photons, and results from short- or long-range inter-
actions between molecules. For instance, non-radiative transfer by
dipole-dipole interaction is possible at distances up to nearly 20
nm. Consequently, such a transfer provides a tool for determin-
ing distances of a few nm between chromophores. Non-radiative
energy transfer can result from different interaction mechanisms.
The interactions may be Coulombic and/or due to intermolecular
orbital overlap. The Coulombic interactions consist of long-range
dipole-dipole interactions (Forster’s mechanism) and short-range
multi-polar interactions.

Radiative and non-radiative transfers have different effects on the
characteristics of fluorescence emission from the donor, which al-
lows us to make a distinction between these two types of transfer.

12
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2.2.1 Short-Range Exchange Mechanism

In the short-range exchange mechanism (also called Dexter-
type[8]) it’s necessary that donor and acceptor come in contact and
have the overlap of the interaction spheres of Van Der Walls with
formation of an intermediate in which the energy is still localized
on the donor.

The rate constant for the exchange mechanism can be expressed by
eq. 2.15:

472
h
where the electronic term H®" is obtained from the electronic cou-

pling between donor and acceptor, exponentially dependent on dis-
tance:

kD = ——(H")?Jp (2.15)

Een

2

H = H(0)exp [— (rap — ro)} (2.16)
The nuclear factor Jp is the Dexter overlap integral between the
emission spectrum of the donor and the absorption spectrum of the
acceptor:

JF (~) (7)dv
JF@)dv [ e(v)dv
The exchange interaction can be regarded as a double electron
transfer process, one-electron moving from the LUMO of the ex-
cited donor to the LUMO of the acceptor, and the other from the
acceptor HOMO to the donor HOMO. This important insight is
illustrated in Figure 2.4, from which it is clear that the attenuation
factor B¢ for exchange energy transfer should be approximately
equal to the sum of the attenuation factors for two separated elec-
tron transfer processes, i.e. (¢ for electron transfer between the
LUMO of the donor and acceptor (2.4), and 3™ for the electron
transfer between the HOMO (superscript ht denotes for hole trans-
fer from the donor to the acceptor). The transfer process with
exchange mechanism can be seen as a particular chemical reaction
between the donor and acceptor species, where is present only the
energy transfer and the chemical structure of the reagents remain

Jp = (2.17)

13
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Exchange energy transfer Electron transfer Hole transfer
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Figure 2.4: Analysis of the exchange energy transfer mechanism in
terms of electron—and hole transfer processes. The relationships between
the rate constants and the attenuation factors of the three processes are
also shown [

the same. With these conditions, the transition state is caracter-
ized by a separation between acceptor and donor similar to the
sum of the collision ray and the exchange mechanism occurs within
10 Angstroms. This mechanism has in common with the classical
chemical reactions the fact that the probability is different from
zero only when the potential energy of the reagents and products
are linked by a continuos surface that describes the potential en-
ergy trend in function of the intermolecular distance.

The exchange mechanism is based on the Wigner spin conserva-
tion rule, the spin correlation law imposes that the products must
have a total spin equal to one of the values assumed by activated
complex. In atoms or little molecules is necessary the presence of
the spin correlation, orbital moment, parity, etc.. However in more
complex molecules with lower simmetry is only required the spin
correlation. This enables the exchange mechanism to be operative
in many instances in which the excited states involved are spin for-
bidden in the usual spectroscopic sense, for example triplet-triplet
energy transfer (D*(T1) + A(Sy) — D(Sp) + A*(T1)) is possible
only with orbitals overlap (i.e. only with a Dexter mechanism). In
Figure 2.5 is shown the exchange mechanism in relation with the
Wigner correlation spine rules:

14
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Figure 2.5: Schematic diagram for Dexter energy transfer

2.2.2 Resonant Energy Transfer Mechanism

Fluorescence Resonance Energy Transfer (FRET) was first de-
scribed by Forster!0] (with which the process itself is now almost
universally associated) in 1948, and experimentally verified by Latt
et al.l"!l. It is a powerful tool to measure distances between two
dyes, a donor and an acceptor, in the range of 10-80 Angstrom.
The excitation energy is transferred from the donor to the accep-
tor via an induced dipole-induced dipole interaction. The rate of
energy transfer from a donor to an acceptor kp(r) is given by:

kr(r) = L <RO>6 (2.18)

D T

where 7p is the lifetime of the donor in the absence of acceptor, Ry
is the Forster distance, and r is the donor to acceptor distance.
Hence, the rate of transfer is equal to the decay rate of the donor
(1/7p) when the donor to acceptor distance (r) is equal to the
Forster distance (Rp), and the transfer efficiency is 50%. At this
distance (r = Rp) the donor emission would be decreased to half its
intensity in the absence of acceptors. The rate of resonance energy
transfer depends strongly on distance, and is proportional to r~%.
In according with equation 2.18, if the transfer rate is much faster
than the decay rate, then energy transfer will be efficient. If the

15
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transfer rate is slower than the decay rate, then little transfer will
occur during the excited-state lifetime, and the transfer will be
inefficient.

The efficiency (E) of FRET process can be written as the fraction
of photons absorbed by the donor which are transferred to the
acceptor:

_ kr(r)
E= P e (2.19)

Considering as said in equation 2.18 about the kp(r), the previous
relation can be rewritten as follow:

Rj

E= RS 16 (2.20)
In agreement with this equation, plotting the efficiency as a func-
tion of the fluorophores distance (Figure 2.6), it’s possible to notice
how the transfer efficiency is strongly dependent on distance when
r is near the Forster distance. However, in according with the
Dexter theory about the orbitals overlapping, is not practical to
use RET to measure distances outside the range of 0.5 Ry > 1 < 2
Ry.

The transfer efficiency can be experimentally measured using the
relative fluorescence intensity of the donor, in the absence (Fp)
and presence (Fpa) of acceptor or from the lifetimes at the same
conditions (7pa and 7p):

Fpa
E=1--24 9.21
L 2.2)
p=1-104 (2.22)
D

It is important to notice that resonance energy transfer is a process
that does not involve emission and reabsorption of photons. The
theory of energy transfer is based on the concept of a fluorophore
as an oscillating dipole, which can exchange energy with another
dipole with a similar resonance frequency 2.

Resonance energy transfer contains molecular information that is

16
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75 100 125 150
Distance (A)

Figure 2.6: Energy transfer efficiency (E) dependence with the fluo-
rophores distance

different from that revealed by fluorescence quenching, solvent re-
laxation, fluorescence anisotropy or excited-state reactions. These
fluorescence phenomena depend on interactions of the fluorophore
with other molecules in the surrounding solvent shell. These nearby
interactions are less important for energy transfer, except for their
effects on the spectral properties of the donor and acceptor. FRET
is effective over much longer distances, and the intervening solvent
or macromolecule has little effect on the efficiency of energy trans-
fer, which depends primarily on the donor and acceptor distance [,
Resonant energy transfer is best understood by considering a single
donor and acceptor separated by a distance (r). The rate of trans-
fer for a donor and acceptor separated by a distance r is describe
in eq. 2.23

_ ¢prK? <9000(ln10)

kr(r) = 1287T5Nn4> /0 h Fp(Nea(MAtd\  (2.23)

Tpr6

where ¢p is the quantum yield of the donor in absence of accep-
tor, N is de Avogadro’s number and n is the refractive index of the

17
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medium. Furtheremore the parameters into the overlap integral
(Figure 2.7) represent Fp(A) the normalized emission spectrum of
the excited donor in the wavelength range A to A + A\, €4 is the
extintion coefficient of the acceptor at the wavelength A, and the
factor k2 describe the relative orientation in space of the transition
dipoles of the donor and acceptor.

The equation 2.23 can be rewritten in term of the Forster dis-

Donor Em.  Acceptor Abs.

Fluorescence / Absorbance (a.u.)

Wavelength (1)

Figure 2.7: Overlap integral (J(X)) of the donor emission spectrum with
the acceptor absorption spectrum

tance (Rp), which is generally in the range 1-8 nm and describe the
situation where half the donor molecules decay by energy transfer
and half decay by the usual radiative and non-radiative rates.

9000(In10)¢pr?

RS =
0 12875 Nn4

/ Fp(A\)ea(M)AdA (2.24)

This expression allows the Forster distance to be calculated from
the spectral properties of the donor and the acceptor and the donor
quantum yield.

As it is clear from equation 2.24, the F'orster distance depends on
the orientation factor (x2) of interacting dipoles. Since, the rate of
energy transfer depends on Ry, the orientation factor also affects

18



2.2 ENERGY TRANSFER 19

the rate of energy transfer. The electric field due to the donor
dipole at an acceptor dipole is given by:

|mp

Ep = 73 | {26089DR + sin@DéD} (2.25)

where |mp| is the time-independent dipole strength. R3 is the
distance between the point dipoles, and R is the unit vector from
the dipole to the position R. thetap is the angle between mD and
R. «9D is the unit vector in the direction of the end of the R vector
as it increases in the direction of thetap.

The rate of energy transfer in equation 2.18 is proportional to the
square of interaction energy between the donor and acceptor dipoles
mp and My,

kr(r) o< (Up—a)® = (ED - TT”LA)2

2 2 . « 2
[mpl” [mal” {20050p R 7ia + sinfplp - 1ita ) (2:26)

R6
mp* [mal®
R6
where the factor 2 is given by:
2
k2 = {QCOSGDR a4+ sindplp - mA} (2.27)

Depending upon the relative orientation of donor and acceptor the
orientation factor can range from 0 to 4. Let us consider a few
situations to make this point more clear. If the two dipoles have
orientations in space perpendicular to each other, and if the ac-
ceptor dipole is juxtaposed next to the donor, but in the direction
perpendicular to the direction of the donor dipole, then k2 = 0 (be-
cause ffp = 7, so coslp = 0 and 9D ma = 07). In this situation,
even if the donor spectrum and acceptor spectrum overlap signifi-
cantly, the transfer rate will be zero. When the transition moments
are parallel, K2 = 1, and when they are collinear k2 = 4.

In the case where the donor and acceptor are free to rotate at a
rate that is much faster than the deexcitation rate of the donor
(isotropic dynamic averaging), the average value of x2 is 2/3. How-
ever this is not the only case where this is true, indeed many of
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20 THEORETICAL BACKGROUND

the dyes used for FRET have more than a single transition dipole,
which can be excited at the same wavelengths, and since different
transition dipoles of a fluorophore are usually not parallel to each
other (they are often perpendicular to each other), this leads again
to a w2 averaging value of 2/3.
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Chapter

Spectroscopic thechniques

3.1 Transient Absorption

The advent of pulsed laser systems has allowed the development
of spectroscopic analysis techniques for the direct investigation of
new matter properties. Indeed the observation of intermediate con-
formations between reactant and product species has been a major
goal since Eyring and Polanyi formulated the "transition-state the-
ory" in the 1930’s. Transient absorption spectroscopy (TAS) is
an optical pump-probe timeresolved technique that makes use of
ultrashort laser pulses. In general, pump-probe experiments are
used to investigate the nature and the evolution of electronic ex-
cited states in chemical systems. In these experiments a shorth
laser pulse excites the molecules towards allowed excited electronic
states. Afterwards the evolution of the excited states is monitored
by a second spectrally broad pulse, called probe pulse, that is de-
layed in time with respect to the pump. At this point the electron
can interact with the probe pulse returning to the ground state
through radiative or non-radiative paths, or absorbing the radia-
tion and be excited in states with higher energy. The change in
the sample absorbance AA before and after the excitation is the
physical quantity that one wants to measure. A pump-probe pulse
sequence allows to obtain an excited state absorption spectrum at a
certain delay time. By repeating this sequence as a function of the
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22 SPECTROSCOPIC THECHNIQUES

pump-probe delay, it is possible to obtain the dynamical evolution
(kinetics) of the transient absorption signal.

3.1.1 Instrumental Apparatus

The experimental instrumentation for femtosecond time-resolved
transient absorption spectroscopy has been described in detail in
previous reports!'®151. A scheme of apparatus is show in figure 3.1
Indeed, it must generate pulses short enough to ensure the proper

Output: 800 nm; E = 650 pJ; Probe

Ti:Sapphire Laser System Delay Line
(Coherent Tsunami)
At=100 fs; 1 KHz

Ref.

Figure 3.1: Schematical set-up of ultrafast UV /Vis transient absorption
spectroscopy (TAS)

time resolution, with a high peak power in order to ensure fre-
quency tunability through parametric amplification. The system
used in the experiments of this thesis is based on a self-modelocked
Ti:sapphire laser (Spectra Physics, Tsunami), pumped by an in-
tracavity frequency doubled cw Nd:YVO laser (Spectra Physics,
Millennia). The pulses (800 nm, ~ 70 fs, 82 MHz) emitted by the
main oscillator are stretched, amplified and recompressed by a re-
generative amplifier (BMI Alpha 1000) to give amplified pulses of
~ 100 fs, with an average power of =~ 600 mW at 1 KHz repetition
rate. The pulse train is divided into two portions of unequal inten-
sity (=~ 95/5).

22



3.1 TRANSIENT ABSORPTION 23

The more intense one is used to produce the excitation beam. Pump
beams at 400 nm and 266 nm are obtained, respectively, by second
and third harmonic generation from the fundamental pulses at 800
nm by means of a BBO crystal. Additional tunability is obtained by
pumping a parametric amplifier, the TOPAS (Travelling-wave Op-
tical Parametric Amplifier of Super-fluorescence)!'617l. The para-
metric amplifier generates two pulses at different frequencies, the
signal and the idler, that are continuously tunable from roughly
1100 to 1600 nm and from 1600 to 2400 nm, respectively. The fre-
quencies of signal and idler are determined by the phase-matching
angle of the BBO crystal. As most electronic transitions are in the
UV-vis spectral range, signal and idler can be doubled or combined
with the fundamental, to obtain pump pulses from 800 up to 240
nm. The basic principles for obtaining the multiple output wave-
lengths required for the excitation beam are well known and fully
described by Neuwahl et al.[']. In the experimental section relative
to each sample taken into account in this work, the experimental
conditions are reported.

The weakest portion of light, 1-2 mW, is focused on a C'aF> plate to
produce spectrally broad ("white continuum"), i.e., containing all
wavelengths between 350 and 750 nm. The exact wavelength range
depends on the specifications of the white light generation. In alter-
native, by replacing calcium fluorite plate with sapphire, the near
infrared components of the probe spectrum (approximately until
1000 nm) become accessible, to the detriment of the blue side.
However, this configuration is not adopted for the measurements
reported in this thesis.

The white-light continuum was further split into two parts of equal
intensity by a 50/50 fused-silica-Al beam splitter. One part, act-
ing as a probe beam, was spatially overlapped with the excitation
beam in the sample, the second part crossed the sample in a dif-
ferent position, acting as a reference signal. The beams reach the
sample with a variable delay with respect to the excitation pulse,
thanks to a suitable optical delay line, while the reference travels
along a shorter path and always strikes the sample before the ex-
citation. The reference beam provides a convenient normalization
function for the transient spectrum, significantly increasing the sig-
nal to noise (S/N) ratio. The delay of the probe with respect to the

23



24 SPECTROSCOPIC THECHNIQUES

pump pulse is determined by the distance traveled in the optical
delay line, with a minimum step of 30 pm, corresponding to 100 fs.
The three linearly polarized beams are focused on the same region
of the solution by means of a parabolic mirror in a quasi-collinear
geometry. The relative pump-probe polarization angle is set to 54.7
degree in order to exclude rotational contributions to the transient
signal.

Sample’s solution is usually inserted in a quartz cell (Hellma) with
2 mm optical path. The irradiated volume is refreshed by stirring
the sample with a micro magnet inside the 2 mm cell and transient
absorption spectra were recorded reducing the repetition rate from
1 KHz to 100 Hz to avoid photo-damage of the sample.

The acquisition of the transient absorption signal has been per-
formed by a multichannel detection system. The pump and probe
beams were spectrally dispersed by a Jobin-Yvon CP 140-1824 spec-
trometer and detected by a Hamamatsu double linear-array system.
The electric signals, processed from a home made front-end circuit,
were converted by a two channels analog to digital acquisition board
(ADLINK DAQ-2010), and data acquisition was done in LabVIEW
computer programming.

3.1.2 Measurements of Time Resolved Spectra

Transient absorption spectroscopy is commonly used to monitor
the change of absorbance spectrum following the photoexcitation of
molecules. The quantity of interest can be extract from the signal
according to the following equation:

AANT) = —logT (A, 7) (3.1)

where T(A, 7) is the photoinduced or transient transmittance. Sim-
ilarly to the static transmittance, the transient one is defined as the
ratio of the intensity of the probe beam recorded with [I(\, 7)] and
without [Io(A, 7)] the pump pulse and can be calculated by:

I L
TAT =709 1oy

(3.2)

The intensity of the probe is always normalized with respect by the
intensity Ir (A) of the reference beam, that always interacts with the
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sample before the excitation process. The last factor is the ratio
between the intensities of the two beams without the excitation
pulse, i.e. the "baseline".

The probe and reference beams are dispersed in wavelength after
the dispersion element and a multichannel detection is achieved, so
that the intensity profile of the probe I,(\) and of the reference
I.(\) can be obtained at a given delay time. To orderly block and
unblock the pump and probe beams in a sequential exposition of
the events are used shutters. This procedure allows to subtract the
scattered light contribution from the overall signal. In practice,
each transient spectrum is acquired in three steps.

o [,+F,, I,+F; with both pump and white continuum pulses;
° 1197 I9; with only the probe;
e [, F;; with only the pump.

Where I are the intensities of the probe and reference pulses, and
F are all possible sources of scattered light. When the irradiated
sample shows luminescence emission, the intensity acquired by the
detector system is not related only to transient phenomena. The
detector system collects the light continuously and it is not able
to discriminate the light pulses synchronized with the pump ex-
citation from the delayed emissions (fluorescence and phosphores-
cence). Some part of static fluorescence emitted by the sample
propagates collinearly with the probe pulse being acquired by the
detector system, producing a transient spectrum affected by some
fluorescence contribution: the stimulated emission (whose inten-
sity is related to the amount of excited state population and hence
to the delay between the pump and probe pulse) and the static
fluorescence. To avoid the static fluorescence contribution we per-
formed a third acquisition step only with the pump beam because
the fluorescence has different intensities on the detection surfaces
of the probe and reference beams: Fj, and Fs. All of this contri-
butions are recorded, and subtracted from the intensity obtained
when both pump and probe pulses impinge on the sample. The
transient transmittance at a given delay time between pump and
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probe is obtained by equation 3.3:

L)+ B - B 1)
T = LT BN —B() 150y

(3.3)

In a first step, the baseline is acquired to correct any mismatch be-
tween the two channels. Indeed, the spectral contents of probe and
reference, which are the reflected and the transmitted components
of the white continuum by a beam splitter, are never exactly the
same. This fact makes unreliable the simple ratio for the T(\, 7)
estimation. It is striking to frequently check the stability of the
baseline, the flatness and the point to point intensity fluctuations
determine the sensitivity of the detection system. We generally ob-
serve that 1000 shots are sufficient to produce a baseline which is
flat within a variation of absorbance (AA) of £ 0.002.

In general, transient absorbtion spectra arise from three different
contributions: excited state absorption (ESA), stimulated emission
(SE) and bleaching (B). The first contribution is due to ground-
state bleach. The pump pulse has promoted a fraction of the
molecules to the excited state, the number of molecules in the
ground state has been decreased. Hence, the ground-state absorp-
tion in the excited sample is lower than that in the non-excited
sample. Consequently, a negative signal in the AA spectrum is ob-
served in the wavelength region of the ground state absorption.
The SE occurs when in a two-level system the Einstein coefficients
for the absorption from the ground to the excited state (Ai2), and
the stimulated emission from the excited to the ground state (Asg;)
are identical. Thus, upon population of the excited state, stimu-
lated emission to the ground state will occur when the probe pulse
passes through the excited volume. Stimulated emission will occur
only for optically allowed transitions and will have a spectral profile
that follows the fluorescence spectrum of the excited chromophore,
being Stokes shifted with respect to the ground-state bleach. Dur-
ing the physical process of stimulated emission, a photon from the
probe pulse induces emission of another photon from the excited
molecule, which returns to the ground state. The photon produced
by stimulated emission is emitted in the exact direction as the probe
photon, and hence both will be detected. It is noticeable that the
intensity of the probe pulse is weak enough that the excited-state
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population is not affected appreciably by this process. The SE re-
sults in an increase of light intensity on the detector, corresponding
to a negative AA signal.

Upon excitation with the pump beam, optically allowed transitions
from the excited (populated) states of a chromophore to higher ex-
cited states may occur in certain wavelength regions, resulting in
absorption of the probe pulse at these wavelengths. This process is
called excited-state absorption and it is characterized by a positive
signal in the AA spectrum is observed in the wavelength region of
excited-state absorption. As in the previous case, the intensity of
the probe pulse is weak enough that the excited-state population
is not affected appreciably by the ESA process.

3.1.3 Transient Absorption Signal in the Time Do-
main

The transient absorption signal is proportional to the concentra-
tion of excited states which absorbs the photons of the probe beam
at wavelength A. Within the linear response regime the signal of
a pump-probe experiment in the time domain and at a wavelength
A, is given by the convolution of the molecular response function
with the functions associated to the pump and probe pulses. If
s(t) is the signal, R(t) is the molecular response function, p(t) and
p2(t) are the functions of the pump and probe pulses, then we can
express

s(t) = R(t) @ p1(t) @ p2(?) (3.4)
where ® is the convolution operation, defined as
0@ b— / alt — )b(t')dt’ (3.5)

The equation 3.4 can be reformulated as
o [e.e]
s(T) = / / pa(t — 7)p1(t — t')R(t')dtdt’ (3.6)

Considering the associative properties for the convolution opera-
tion, we obtain:

g(t) = p1(t) @ pa(t) (3.7)
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ot —7) = / T palt = (= )t (3.8)

—0o0
The function g(t’-7) is the instrumental function which, considering
the convolution theorem, is given by the crosscorrelation function
between the pump and probe pulse. We can reformulate the equa-
tion 3.4 as

s(t) = R(t) @ p(t) (3.9)

hence

(e e]
s(t) = / g(t' — T)R(t)dt (3.10)
—0o0

The molecular response function is generally associated with the
response of the molecular system to an applied perturbation and,
therefore, it contains the information about the temporal evolution
of the system itself. Hence, R(t) defines the evolution of the molec-
ular property under study.

Transient absorption provides information about the photophysics
and the photochemistry of the sample with a temporal resolution
limited by the instrumental function. When the time constants
of photophysical and photochemical processes are comparable with
the instrumental function, the molecular response function can be
obtained by a de-convolution operation on the acquired signal. The
former operation assumes the detailed knowledge of the instrumen-
tal function’s profile.

3.1.4 Characterization of the Instrumental Function

In order to achieve a faithful deconvolution of the kinetic pro-
files, the knowledge of the instrumental function is required. The
instrumental function is defined as cross-correlation between pump
and probe pulses. However, in order to determine the "real" func-
tion, a suitable experiment should be designed, whilst using the
same sample cell in the identical conditions (angle between pump
and probe and their diameters, for example) used for the actual
measurements.Due to the inherent difficulty to achieve such ideal
conditions, in practice the instantaneous signals appearing in tran-
sient absorption spectra can be conveniently utilized'8). These
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signals include two-photon absorption (TPA), stimulated Raman
gain (SRG) and cross-phase modulation (XPM). TPA and SRG
are non-linear effects produced by the short laser pulses with very
high pump power density, while the XPM arises from the temporal
chirp of the continuum white probel'¥l. The temporal envelope of
these signals reproduces the pump probe cross-correlation function
of equation g(t) = [ Ipump(t') Lprove (' + t)dt’.

In particular, in most cases we determined the instrumental func-
tion by measuring the time profile of stimulated gain of the most
intense Raman bands of the solvent. For a qualitative description of
this phenomenon, we can assume that two photons of appropriate
frequencies, spatially overlapped and coincident in time, impinge
onto the sample. When the excitation frequency is close to a spe-
cific component of the probing white continuum, the emission of a
third photon can be stimulated. The stimulated gain energy cor-
responds to the difference between the molecular ground state and
a virtual energy level through which the pump photons are scat-
tered and it is specific for each medium. The Raman wavelength
Asrc and the pump wavelength A.,. can be related by means of
the following expression:

1 1
Aeze(nm)  Agrg(nm)

=v-107"(em™) (3.11)

The wavelengths must be expressed in nm, while v, that is the fre-
quency of an active Raman transition of the molecular system, is
in cm~!. SRG does not contain any relevant information about the
sample; nonetheless, the plot of the intensity of the Raman signal vs
the delay time (see fig. 3.2) gives the pump-probe cross-correlation
function. Figure 3.2 shows a typical cross-correlation function ob-
tained by this method: the time profile is Gaussian, with a full
width half maximum (FWHM) equal to 130 £10 fs. This method
allows to measure the instrumental function, even if indirectly. The
measure is accurate only if one refers to a probing wavelength near
the Raman signal. As a matter of fact, the temporal resolution
is primarily determined by the pulse duration; however, the latter
is not the only parameter that one should consider for the instru-
mental function evaluation. There is another effect that possibly
contributes to the broadening of the instrumental function. If the
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Intensity (a.u.)

1 . 1 . 1 . 1 . 1 . 1 . 1 . 1
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time (ps)

Figure 3.2: Intensity of the stimulated gain Raman signal vs the delay
time between pump and probe pulses in water (Aeze = 520 nm; Aggpa ~
620 nm). The red line is the result of a Gaussian fit that provides the
instrumental function with temporal width of FWHM equal to 130 +10
fs

central wavelength of the pump and of the probe are different, the
refractive index experienced by the two pulses inside the sample cell
is different and hence there is a mismatch of the velocity (GVM) of
the two pulses. In other words, the pump and probe pulses travel at
different speeds in the medium, and the cross-correlation function
broadens. In the case of Gaussian pulses, the instrumental function
broadening due to GVM can be calculated from:

G(t) = ain{er fla(r + éAn)] —erf(ar)} (3.12)

where An is the difference between the refractive indexes of the
medium at the pump and probe wavelengths, [ is the optical path
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(length of the interaction volume)and the a constant is given by:

In2
a = 2\/A7'2 + ATQ (313)

pump probe

AT indicates the duration of the pulses, i.e. their full width half
maximum (FWHM). The broadening effect described by Eq 3.12
is obviously dependent on the probe wavelength. This leads us to
conclude that the GVM effect although present, is small and ap-
proximatively constant through the entire probe wavelength range
considered, at least for the limited path length of the pulses in our
samples (tipically 1 mm). As a consequence we can avoid any fur-
ther correction, and assume that the measured instrumental funcion
contains also some average contribution of GVM.

3.1.5 Group Velocity Dispersion (GVD)

Using white continuum pulse as probe, we are able to record in
one step a broad range of wavelengths. In practice, the wavelengths
composing such a pulse are affected by a significant positive chirp
due to group velocity dispersion (GVD). A detailed discussion of
this effect can be found in reference[2?l, The GVD effect influences
the recorded spectral features; a possible method to limit this un-
desirable effect is to reduce the total amount of optical materials
introduced into the beam path. However, for the analysis of the
spectra in the first picosecond, is necessary to correct the spectral
artifact produced by this effect. The red components of the white
continuum speed over the blue components, so that probing in the
two visible regions does not occur at the same delay time.

3.1.6 Single Value Decomposition (SVD)

Transient absorption spectra can be examined by different meth-
ods. Kinetics are plotted at any given wavelength to obtain the time
course of the spectral features of interest. In addition, single value
decomposition SVD can be practised to extract the spectra of the
kinetic components, trying benefit from the global analysis21-23],
When a large time-wavelength data set is available, it would be
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convenient to analyze all of them together. SVD is a factorization
procedure that reduces the data matrix to a series of orthogonal
basis components into time-independent spectra and wavelength
independent kinetics!?4. If A(\,t) is an mxn matrix then the SVD
returns three matrixes, as below:

AN\ T)=USVT (3.14)

where U is an m by m matrix, the matrix S is m by n with nonneg-
ative numbers on the diagonal (as defined for a rectangular matrix)
and zeros off the diagonal, and V denotes an n by n matrix. U con-
tains a set of orthonormal "output" basis vectors, i.e. basis spectra
as a function of U. Associated with each basis is a eigenvalue in the
diagonal matrix S, so that each diagonal element can be considered
as scalar "gain" by which each corresponding input is multiplied
to give a corresponding output. The orthonormal "input" or "ana-
lyzing" basis vectors are enclosed in matrix V and the rows of the
transpose V71 express the time course of the spectra basis. The
number of components that one have to consider is determined by
the weight in the S eigenvalue matrix. If the single value compo-
nent, scaled according to its respective singular value, is comparable
with the experimental noise, then the component will be neglected.
Global analysis was performed using the GLOTARAN package
(http://glotaran.org) 242° and employing a linear unidirectional
"sequential" model, shown in figure 3.3:

A \"‘1

B k2
\

C

1k;

Figure 3.3: Sequential kinetic model applied for global analysis
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3.2 Ns-Laser Transient Absorption Technique

The transient behavior was investigated using a flash photoly-
sis setup previously described 2%l based on an Nd:YAG Continuum
laser (Surelite 11, third harmonics, Aeze = 355 nm, pulse width ca. 7
ns and energy ca. 1 mJ pulse). The transient spectra were obtained
by monitoring the optical density changes every 5-10 nm over the
300-800 nm range and averaging at least 10 decays at each wave-
length. The kinetic analysis of the signals at selected wavelengths
allowed the transient decay time to be determined. The calibration
of the experimental setup, for quantum yield determinations, was
carried out with an optically matched solution of benzophenone in
acetonitrile (triplet quantum yield, ¢ — 1 and ez — 6500 M !
cmfl)[m. The experimental errors on the transient decay time
values are estimated to be about 10% while those on the quantum
yields are about 15%. All the measurements were performed in
air-equilibrated samples.

3.3 Single Photon Counting Technique (SPC)

The luminescence decay, 77, (mean deviation of three indepen-
dent experiments, ca. 5%), was measured by single photon count-
ing method using an Edinburgh Instrument 199S setup. A pulsed
LED was used as excitation source, and a Hamamatsu R7400U-03
detector acquired the signal.

3.4 Steady-State Spectroscopy

The absorption spectra have been recorded by a Lambda 950
Perkin Elmer model spectrophotometer. The fluorescence spec-
tra, corrected for the instrumental response, and quantum yields
were measured by means of a Perkin-Elmer spectrophotofluorime-
ter (mod. LS55).

33



34

SPECTROSCOPIC THECHNIQUES

34



Chapter

Electron Dynamics and Charge

Transfer Process in CdTe QDs

4.1 Photophysical Properties and Recombi-
nation Dynamics in CdTe QDs with Dif-
ferent Thioglycolic Capping Agents

The design of hybrid nanomaterials based on colloidal semicon-
ductor nanocrystals (or quantum dots, QDs) and organic moieties
have attracted prominent attentions in the last three decades due
to their physical and chemical properties. In most wet synthetic
procedures, the full control of the nucleation and growth processes
is achieved by use of organic capping agents which in many cases
affect the growing process, the structure and the electronic prop-
erties of the colloidal nanocrystals. The deep investigation of the
effects of capping agents enabled the development of a wide variety
of research and different applications[?834. The design of hybrid
nanomaterials based on colloidal semiconductor nanocrystals (or
quantum dots, QDs) and organic moieties have attracted prominent
attentions in the last three decades due to their physical and chem-
ical properties. In most wet synthetic procedures, the full control
of the nucleation and growth processes is achieved by use of organic
capping agents which in many cases affect the growing process, the
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structure and the electronic properties of the colloidal nanocrystals.
The deep investigation of the effects of capping agents enabled the
development of a wide variety of research and different applications
such as CdTel3*+381 CdS[942 (dSel38:43.44] 7ZnSH5] 7nSel46:47],
HgTel*8l

During the excitation with UV /Vis radiation, if the charges are
not trapped or transferred but remain localized on the conduction
band (CB), the excitonic species will recombine by radiative and
non-radiative processes towards the valence band (VB). However,
the exciton evolution strongly depends on the nature of the mate-
rials, of the defects of the lattice and of the surface, thus becoming
sensitive to the capping agent and to the surroundings (solvent).
Therefore, under these circumstances, the role of capping agent be-
comes of primary importance and it can be investigated through
optical techniques.

A large number of studies were devoted to understand how the
stabilizers act on the chemical and physical properties of nanocrys-
talsl49-%4. The aim of capping agents is not only the prevention of
the particles flocculation. They play a key role both by influencing
the growth kinetics and thus the lattice properties especially at the
surface of the nanostructures, and by affecting the chemistry of the
surface®9.

In this work we have investigated cadmium telluride (CdTe) QDs
synthesized in water using 1-thioglycerol (1TG) and 3-mercapto-
propionic-acid (MPA) as capping agents. In order to have a wider
overview on how these capping agents influence the chemical-physical
properties of the nanocrystals and the dynamics of their exciton
state, the QDs were synthetized following similar procedures. The
photophysical properties were then investigated with stationary
and time-resolved techniques. Through stationary photolumines-
cence studies the presence of lattice defects has been proved. The
time-resolved measurements, the single photon counting (SPC) and
the UV /Vis ultrafast transient absorption spectroscopy (TAS), en-
abled to investigate the relaxation processes of charge carriers formed
upon photoexcitation.
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4.1.1 Synthesis, Morphological and Steady-State Char-
acterization

The CdTe QDs were prepared with the colloidal methods pre-
viously reported in literature[3> 371, As a firs step 0.2 mmol of
Cd(NO3)s - 4H20 and 0.4 mmol of 1TG were added to a volume
of 40 ml of milliQQ water under vigourous magnetic stirring. When
the solution is well mixed is added NaOH 1 M by dropwise addi-
tion until to obtain a pH value around 12. Meanwhile the tellurium
precursor was prepared adding in 10 ml of milliQ) water 0.4 mmol
of tellurium powder and 1 mmol of NaBHy; the reduction occurs
maintaining the environment to 80 degrees for 30 minutes in nitro-
gen atmosphere.

The solutions previously obtained were mixed with a molar ratio
between Cd and Te of 5:1 in order to prepare the nanocrystals.
The growth and nucleation processes of the nanocrystals are then
conducted at 100 °C in an inert atmosphere. The same procedure
previously reported for the 1TG capped QDs was also used for the
synthesis of the QDs with MPA as stabilizers, with the only differ-
ence that in this case the molar ratio between Cd and Te is 1:1.

In Figure 4.1, the absorption and photoluminescence spectra of
1TG and MPA capped QDs collected at different reaction times
are shown, and in Table 4.1 the emission quantum (QY) and other
spectral parameters at different reaction times are reported. Both
kinds of colloids show a well-resolved absorption band correspond-
ing to the first electronic transition, suggesting a quite narrow size
distribution of the nanocrystals. Increasing the reaction time it
is possible to notice that the absorption maximum of the exciton
transition shifts to higher wavelengths due to the increasing size of
the colloids. This phenomenon is prominent for the MPA capped
QDs. These latters maintain a higher definition of the BG tran-
sition at longer reaction times than the 1TG capped particles. In
general, a broadening of the luminescence spectra with increasing
the reaction time corresponds to a widening of the size distribu-
tions of the aqueous QDs. In the present samples, the comparison
of the full width half maximum (FWHM) of the emission band has
shown similar values (few em ™! difference) with increasing the re-
action time, for both samples, suggesting that the dimension of the
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Figure 4.1: Absorption and luminescence spectrum of (A) CdTe MPA
capped QDs and (B) CdTe 1TG capped QDs in water. All sample was
excited at the maximum of the BG transition

colloids increases without altering the contribution of different size
populations. However, significant differences can be observed for
the Stokes shift values and the luminescence QY values. Gener-
ally, a higher shift of the emission band, compared to the band gap
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CdTe MPA capped

time BG(nm) FWHM(em™!) SS(em™1) QY (%)
5 min 468 2020 2360 6.2
30 min 478 1930 2260 9.1
1.5h 487 1890 2320 11
12h 565 1840 890 17
24 h 574 2100 1050 18

CdTe 1TG capped

time BG(nm) FWHM(em™!) SS(em™1) QY (%)
30 min 465 2260 2670 1.8
2h 476 1900 2420 1.6
7h 490 1810 2020 4.2
24 h 518 1820 1420 10
48 h 935 1740 960 10

Table 4.1: Band gap position, FWHM of the luminescence band, Stokes
shift (SS) and luminescence QY at different reaction times

absorption energies, and the quite low QY values indicate the low
lying emitting states, such as defects states, and/or the occurrence
of non-radiative deactivation channels able to compete with the ex-
citon radiative recombination. However considering the evolution
of these parameters for the two sample (Table 4.1), it is possible to
observe that an increase of the reaction time leads to an increase
of the QY and a decrease of the Stokes shift . This observation
confirms that the longer the reaction time the smaller the contri-
bution of the defects on emission behaviour. The comparison of
data obtained for MPA- and 1TG-CdTe suggests that MPA enable
a better control of the growth process and act as a better capping
agent since higher QY values have been measured for MPA-CdTe
samples. However even for these samples the occurrence of effi-
cient non-radiative recombination processes have to be taken into
account.

To better understand how these two stabilizers affect the photo-
physical properties of the CdTe QDs, one sample for each stabilizer
was chosen to be subjected to a deeper characterization; the se-
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lection was done taking into account the samples having the most
similar size which are the MPA capped sample obtained after 12
hours of reflux and 1TG capped colloid after 24 hours of reaction
(see below).

The size distribution in the samples was monitored by AFM mea-
surements. In Figure 4.2A,) the AFM images recorded on MPA
capped QDs sample taken after a reaction time of 12 hours con-
firm the formation of spherical nanocrystals. Size dispersion was
achieved by analysing the height distribution histograms (Figure
4.2B). Observing the size distribution, the sample presents only

N/N,,

Height (nm)

Figure 4.2: AFM image (A) and size distribution histograms (B) of
CdTe-MPA nanocrystals in water

one broad population, having an average size of 4 &= 1 nm. For the
1TG capped sample obtained after 24 hours of reaction, the size
distribution appear more complex and show two major populations
with a total weight of 83% and a mean diameter of 3.7 + 0.9 nm
and several minor populations with higher mean diameters 4.5 +
0.2 (9%) and 4.8 + 0.4 (8%) nm (Figure 4.3). The 1TG capped
QDs show a narrower distribution of the main population suggest-
ing a better control of the growth process with 1TG as capping
agent than MPA.

The absorption spectra of the suspensions (Figure 4.4) are charac-
terized by a single BG feature centred around 565 and 520 nm for
QDs with MPA and 1TG as stabilizer, respectively. Both systems
present the characteristic absorption due to the continuum energy
states at higher energies.
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Figure 4.3: AFM image (A) and size distribution histograms (B) of
CdTe-1TG nanocrystals in water

In agreement with the model proposed by Donegd and Koolel!5¢l

it is possible determine the QDs extinction coefficient at higher
energy (400 nm) by the following equation

€100 = |:/‘400NA2‘;QD:| (2303)_1 (4'1)
(e

where p,,, is the absorption cross section per unit ion pair at 400
nm, N4 is the Avogadro’s number, z is the number of unit ion
pairs per unit cell, Vop and Vye are volumes (cm?) of the QD
and unit cell. Another method to determine the e coefficient has
been developed by Peng et al.l’”l where the value for the CdTe
nanocrystals is determined at the band gap and is given by the
empirical function

€ = 3450AE(D)*4 (4.2)

where AE is the energy gap and D is the diameter of the nanoparti-
cles. The absorption coefficient values achieved with the two meth-
ods are reported in Table 4.2 together with the QDs molar concen-
trations, determined using the Lambert-Beer law.

Since for each suspension the concentration values are the same,
within the experimental errors, at the two wavelengths, the accu-
racy of the methods for the absorption coefficient determination is
good. The comparison of the coefficients for the MPA- and 1TG-
capped samples indicates that the nature of the capping agent has
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CdTe MPA capped CdTe 1TG capped

€400=T748000 [QD]=4.5x10"°% ¢,,,=545000 [QD]=5.3x10~°
€:6s=198000 [QD]=4.5x107% ¢,,,=215000 [QD]=5.5x10"6

Table 4.2: Molar extinction coefficient at different wavelengths achieved
with different methods and QDs molar concentration

a negligible effect on the cross section of the band gap transition,
since similar values have been obtained; on the other hand a dis-
crepancy of about 30% can be observed in the absorption coeffi-
cients determined at 400 nm, thus suggesting that the stabilizer
affects the probabilities of the transitions above the band gap.
The photoluminescence spectrum of the CdTe-MPA QDs obtained
exciting the sample at the maximum of BG (565 nm) presents a
single emission band centered at 595 nm with a relevant shoulder
on the red edge (Figure 4.4A). The appearance of this component
it is generally ascribed to the contribution of trap states. The oc-
currence of dissipative or trapping processes has been confirmed
by the quite low luminescence efficiency measured (17%) for the
CdTe suspension!®®®9. However, in this case we need to consider
that a further contribution to the spectral features on the red-edge
of the QDs luminescence is given by the broad size distribution of
these nanocrystals. The photoluminescence behaviour of the 1 TG
capped QDs (Figure 4.4B), upon excitation of the nanocrystals at
520 nm, shows a single symmetric emission band centred at 560.
However, 1TG- CdTe has a higher Stokes shift and a lower lumi-
nescence QY (10%) compared to MPA-capped samples, indicating
that the 1TG capped QDs are affected by a greater amount of de-
fects.

With the aim to deeper investigate the role of the capping agent
and the effects on the relaxation of the exciton state, an accu-
rate characterization of the electronic dynamics after the exciton
formation has been carried out. As it is well known from the lit-
eraturel®60-62 the radiative electron-hole recombination in QDs
systems occurs within a time window of the order of nanoseconds.
Therefore, SPC measurements were performed to correctly charac-
terize the radiative electron-hole recombination.
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Figure 4.4: Stationary absorption spectrum (black line) and lumines-
cence spectrum (red line) of (A) CdTe-MPA QDs in water exciting at
565 nm and (B) CdTe-1TG QDs in water exciting at 520 nm

SPC measurements, carried out exciting at 460 nm and collect-
ing the photons at 620 nm, show a nonexponential behaviour of
the luminescence decay curves, as previously observed for colloidal
samples[63-66], principally ascribable to size distribution. The pho-
toluminescence decays could be reproduced for both species by bi-
exponential functions which likely reflect the distribution of decay
times related to the distribution of excitonic populations/64:65:67].
The biexponential fit can be described by the function

F(t) = yo+ Y Averp(t/7,) (43)

n=1

and the average time is calculated using!®3:66

T= i ApT?/ i AnTn (4.4)
n=1 n=1

The decay parameters are collected in Table 4.3 along with the
averaged decay time value. The photoluminescence decay times, as
well as the quantum yield, are strongly influenced by the quality of
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| 71 (ns)  Ai(%) 72 (ns) As(%) <7 > (ns)
CdTe-MPA 7.1 49.0 30.1 51.0 25.8
CdTe-1TG 20.8 58.9 51.6 41.1 40.3

Table 4.3: Luminescence decay parameters for CdTe QDs in water

the lattice structure and by the presence of surface defects and how
these latters are passivated by the capping agents. The two samples
present quite different luminescence decay times indicating that,
despite the size effects, the organic ligands alter the dynamics of
the exciton recombination. In particular, longer decay times were
measured for 1TG-QDs, for which higher contribution of defect
states has been supposed.

4.1.2 Time Resolved Absorption Measurements

To better understand the electronic evolutions that occur be-
low the nanosecond time scale we have used ultrafast UV-Vis TAS.
The excitation energies were chosen with the aim to excite electrons
in the conduction levels (CB), but in different energetic conditions.
Therefore the samples have been excited near the BG and at higher
energies. In these latter conditions the electrons are promoted to
energy levels with a greater density than the states near the LUMO
level, causing higher electron mobility. In these conditions the
charges can follow other deactivation pathways towards the fun-
damental state and then cause modifications for charge and energy
transfer processes. The MPA capped nanocrystals were pumped
at 520 nm near the BG, and at 400 nm with an energy excess of
0.72 eV (5800 em ™) respect to BG. The 1TG capped QDs were
excited at 476 nm near the BG and at 374 nm for the transition
into higher energy states, maintaining the same energy difference
of the MPA capped particles. It is important to notice that the
pump power was kept small with the aim to reduce multiexciton
generation processes due to the multiphoton absorption. Moreover,
according to previous works [68-70] TAS measurements were carried
out in a static cell (2 mm thick) under magnetic stirring to avoid
the accumulation of long living transient species; to confirm the cor-
rect experimental conditions we have optimized the stirring speed
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in order to reproduce results comparable with those measured in a
flow cell.
The transient measurements of MPA capped QDs after the reso-
nant excitation at 520 nm are shown in Figure 4.5. The spectrum
on the left shows the correspondence between the transient absorp-
tion spectrum (red line) registered after 3 ps, and the BG transition
in the steady-state absorption spectrum (blue line). The transient
spectrum exhibits an intense bleaching signal, which corresponds
to the BG transition in the stationary spectrum, with a maximum
around 565 nm. In addition to the bleaching band, the former ex-
hibits a positive broad signal at lower probe energy (above 600 nm).
This is due to the excited state absorption (ESA) of the electrons
from the lower energy levels to the continuum energy state on the
CBIo8l,

The bleaching kinetic traces recorded at different wavelengths are
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Figure 4.5: The Figure on the left shows the stationary absorption
spectrum (blue line) and the transient spectrum (red line) after 3 ps
than the exciter at 520 nm of the MPA capped QDs; on the right are
present the kinetic traces at different wavelengths

reported and it is possible to notice a fast rise component and a
decay dynamics, which can be reproduced by a triexponential func-
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tion. The ESA signal can be satisfactorily represented by a single
exponential function confirming the different nature of the transi-
tions; it is worth to underline that the ESA signals do not present
rise components. The values of the decay times and the normalized
pre-exponential factors are reported in Table 4.4.

Since the longer decay time of the bleaching band is due to the
radiative electron-hole recombination, the average decay time pre-
viously obtained with the SPC was fixed during the fitting analy-
sis of the kinetic traces. Analyzing the kinetics associated to the
bleaching, it is possible to see that the rise of the signal can be de-
scribed with a time constant of about 320 fs. This process can be
due to the cooling dynamics of the electrons into the VB. Although
the excitation should take place from the HOMO level, a part of
the electrons in the lowest energy states are promoted to the CB,
causing a refilling of the holes by the cooling of the electrons at
higher energies.

As observed in previous studies, the decay times 7o and 73 are too
fast to be a radiative electrone-hole recombination[”™ and usually
in nanocrystals QDs the non-radiative electron-hole recombinations
are principally dominated by surface trapping and Auger recombi-
nation!""73l In the present case the decay time 75 could be as-
signed to Auger recombination due to multiexciton in the CB or
to non-radiative recombination processes induced by the surface
trapsBL7LT4T]  In order to understand the nature of the faster
time and to reduce the contribution due to the multiexciton forma-
tion by multiphoton absorption, we have changed the pump fluence
for all the excitation wavelengths. Increasing the pump power the
decay time 7o remains constant. This observation confirms that
the process associated with the decay time 7o is not due to the
presence of multiexciton in the CB but likely to the surface de-
fects687L74 The third component 73 is reduced upon an increase
of laser power and this suggests that this process is due to Auger
recombination!™!. The ESA decay is well defined by a 1.5 ps decay
time and the transition can be assigned to the absorption of the
excited electron into the continuum 68,

Regarding the MPA capped nanocrystals excited with an excess of
energy (400 nm), the same transient spectral features are observed
than upon excitation at 520 nm. The transient and stationary spec-
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tra and the kinetic traces taken at different wavelengths are shown
in Figure 4.6. The kinetic traces recorded at different wavelengths
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Figure 4.6: The Figure on the left shows the stationary absorption
spectrum (blue line) and the transient spectrum (red line) after 3 ps
than the exciter at 400 nm of the MPA capped QDs; on the right are
present the kinetic traces at different wavelengths

on the bleaching band show a well-defined trend in the rise of the
signal, i.e. the rising time increases from 410 to 800 fs moving to-
wards longer wavelengths. The decay time 7 shortens when the
excitation wavelength is set at 400 nm. This behaviour, ascribed
to the effect of surface trapping sites, is due to the higher mobil-
ity of the electrons into the continuum respect to those present
on discrete levels. A similar trend is observable for the 73 com-
ponent where the decay time becomes five times smaller when the
energy increases. Furthermore it is interesting to notice that inde-
pendently from the capping agent, the normalized pre-exponential
factor of the radiative component (A4) is smaller by exciting at
400 nm rather than at 520 nm. This observation indicates that
upon exciting the samples to higher energy states reduces the ef-
ficiency of radiative decay path and makes non-radiative process
more competitive, particularly evident for the decay time 7o, which
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has a maximum relative weight (87%) at 450 nm. The ESA decay
time is, within the experimental errors, indepent from the pumping
energy.
In Figure 4.7 the results obtained pumping the 1TG capped QDs
are shown near the BG at 476 nm and in Figure 4.8 the results
obtained exciting at 374 nm. . The decay time values and the
normalized pre-exponential factors are reported in Table 4.4. Also
in this case the transient spectra show a bleaching band that cor-
responds to the BG transition and an ESA due to the absorption
of the electrons into the energy continuum levels!68l,

As in the CdTe MPA capped QDs, the fitting was carried out
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Figure 4.7: The Figure on the left shows the stationary absorption
spectrum (blue line) and the transient spectrum (red line) after 3 ps
than the exciter at 476 nm of the 1TG capped QDs; on the right are
present the kinetic traces at different wavelengths

considering the average decay time for the longer photolumines-
cent electron-hole recombination obtained by the SPC technique.
In this case the bleaching kinetic traces of the resonant excitation
show an instantaneous rise independently of the wavelength. In-
stead the excitation at high energies produces a signal that grows
with a time constant ranging from 500 to 700 fs due to the electron
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Figure 4.8: The Figure on the left shows the stationary absorption
spectrum (blue line) and the transient spectrum (red line) after 3 ps
than the exciter at 374 nm of the 1TG capped QDs; on the right are
present, the kinetic traces at different wavelengths

cooling that occurs into the VB. The assignment of the decay times
is the same of that proposed for MPA QDs.

Exciting the QDs near the band gap, we have therefore observed
that the decay times for 1TG capped QDs is the half than MPA
capped QDs. In both systems it is possible to notice an increase
of the electron mobility in the CB at high excitation energies and
a reduction of the decay times of the charges in the traps. The
presence of 1TG as capping agent, for which a higher contribution
of defect states was supposed, significantly reduces the decay times
79 and 7o, suggesting that in this sample the non-radiative recom-
bination processes are kinetically more competitive with radiative
processes.

At this point we have a general description of the excitons of CdTe
QDs after excitation on the CB where the first electron can undergo
deactivated processes by surface defect sites in few picoseconds or
it can decay on the VB by a radiative recombination. The second
process is due to charges remaining in the CB for a few tens of
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nanoseconds before photoluminescent electron-hole recombination
occurs.

4.1.3 Conclusions

The synthesis of CdTe QDs in water with two different stabiliz-
ers shows significative differences in both morphological and pho-
tophysical properties. AFM measurements show a different size
distribution with a broader population for MPA capped QDs. In
parallel, the steady-state characterization shows a higher lumines-
cent quantum yield for the MPA capped QDs. The spectra are
more affected by surface defects and size distributions. The SPC
measurements enable to investigate the radiative electron-hole re-
combination, which strongly depends on the nature of the capping
agent, despite the size distribution. The photoexcited electrons
studied with ultrafast TAS show a multiexponential recombination
with a rise time due to the electron cooling in the VB. The fast de-
cay is due to the trapping state, while the intermediate decay time
(13) can be attributed to Auger recombination. The attribution of
these processes is supported by pump fluence dependent measure-
ments. Furthermore, increasing the excitation energy it is possible
to notice for the samples a reduction of both decay times due to the
greater mobility of the electrons in the higher energy states. There-
fore the comparison of the results obtained with QDs with two dif-
ferent stabilizers shows that MPA capped QDs are more affected
by the different excitation energy, leading to significant changes in
the value of intermediate the decay time 73. The fastest lifetime in
1TG capped QDs suggests a greater influence of the surface traps,
in agreement with the results obtained by photoluminescence mea-
surements.
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Table 4.4: Time constant and relative pre-exponential factors of CdTe
MPA and 1TG capped QDs; Ay and 7 are relative to the rise component
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4.2 Electron Transfer Dynamics from CdTe
QDs to MethyViologen molecules

In the previous paragraf we have carachterized the electron dy-
namics of CdTe QDs with different thyioglicolic capping agents. It
is necessary that the nanocrystals are able to donate electric charges
in order to be utilized in some devices[28-3459 Furthermore, in or-
der to have an efficient charge transfer process it is necessary that
the non-radiative deactivation channels are absent or at least min-
imized. One of the limits of semiconductor nanocrystals is the
formation surface and lattice defects providing non-radiative deac-
tivation pathways. Therefore, according to the previous character-
ization, we have chosen to investigate the charge-transfer processes
of CdTe MPA capped QDs. These particles have shown a lower
amount of defects with a higher QY and an absorption spectrum
shifted to the red that allows to absorb a large portion of solar
radiation. The charge transfer process was studied in presence of
methylviologen (MV?2%), molecule known in the literature to be a
good electron acceptor [58,77.78] capable to statically interact with
the QDs surface.

4.2.1 Photoluminescent Characterization

With the aim to determine how the luminescence properties
of the nanocrystals can be influenced by an electron acceptor as
MV?* in solution, luminescence quenching measurements were done
(Figure 4.9).

Resonant excitation of the BG (565 nm) shows an efficient emis-
sion quenching with a non-linear trend when the quencher concen-
tration increases. The deviation from typically Stern-Volmer trend
suggests that the interaction has both a static and a dynamical
nature. In addition quenching can be due to different binding sites
on the QDs surface[1:63:66,79-82] " In nanocrystal systems the proba-
bility to have a static interaction depends on the properties of the
quencher to be adsorbed on the particles surface and on its relative
affinity in comparison to the stabilizer. In our system this interac-
tion is confirmed by the nanocrystals flocculation when the MV 2+
concentration is around 10™* M. This is due to the presence of a
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Figure 4.9: Luminescence spectra of CdTe nanocrystals in the pren-
cence of increasing concentration of MV?%; in the inset is shown the
Stern-Volmer plot (A4, =595 nm

highly charged molecule such as MV?t on the particles surface in
a strongly polar solvent such as water. Therefore the high electro-
static charge causes an instability on the particles surface leading to
flocculation phenomena. Furthermore the static interaction is also
confirmed by the blue-shift of the emission band with a progressive
disappearance of the should on the red-edge of the luminescence
spectra. This interaction induce a reorganization of the ligands on
the surface due to the adsorption of the quencher molecules leading
to a better passivation of the surface defects!®9:641,

In order to obtain new pieces of information concerning the associ-
ation equilibrium between the CdTe QDs and the M V2% molecules
the model proposed by Sharma et al.[99:83] hag been utilized. The
apparent association constant (/pp) can be expressed as a function
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of emission intensity of the complexed (¢') and uncomplexed (¢g)
CdTe species and in terms of observed emission intensity (¢ops)

%o b0 ®o
= 4.
¢0 - ¢obs ¢0 - d)/ * Kapp(ﬁbo - ¢/)[MV2+] ( 5)

The plot shows a biphasic trend at low and high quencher con-
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Figure 4.10: Plot of ¢o/(do-dobs) as a function of the reciprocal of
[MV?]; the inset shows the trend at high concentrations

centrations. In particular at low concentrations (Kgp, = 3.0 x 10%)
the constant is higher than that registered at high concentrations
(Kapp = 2.4 x 10%). This evidence is an indication that at low con-
centrations the static interaction is dominant and there is a strong
affinity of the QDs surface to be complexed by MV?2*. A progres-
sive increasing of the quencher concentration causes the dynamic
interaction to prevale over the static adsorption. This trend can
be explained considering that an initial progressive increase of the
MV?F concentration allows the adsorption of the latter on the sur-
face sites of the particle. Subsequently the decrease of the accessible
sites leads to an increase of the probability of having dynamic in-
teractions.

Single photon counting measurements (Figure 4.11) of the QDs
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with different MV?2T concentrations was carried out exciting at
460 nm and collecting the emitted photons at 620 nm. The ki-
netic traces shown a biexponential decay for all samples. The non-
exponential decay is related to the distribution of excitonic popu-
lations!6465671 " In Table 4.5 the values of the time constants and

1000 | , ' ' ' i

5 -".: TS

[MV*]=3.0x 10

Counts

100 |

10 z I-' s 1 s 1 s 1
20 30 40 50

time (ns)

Figure 4.11: Single photon counting decay traces and instrumental
function with and without MV 2+

normalized pre-exponential factors are reported. The values show
that the two components are differently affected by the presence of
MV?*. The slow radiative lifetime component shows a decrease of
the decay times from 30 to 25 ns and a more consistent reduction of
the relative pre-exponential factor. The same trend can be observed
for the fast component with a more consistent decrease of the re-
combination time, with an increasing of the relative pre-exponential
factor. It is important to notice that these modifications become
evident in both components, and consequently in the average time,
when the quencher concentration exceeds the 1075 M.
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[MV?27] ‘ A (%) 71 (ns) A2(%) T2 (ns) T (ns)
0 49.0 7.05 51.0 30.1 25.8
2.0x 1077 | 494 7.17 50.6 30.3 25.9
44 %1077 | 48.6 6.69 51.4 29.6 25.6
6.6 x 1077 | 48.8 6.67 51.2 29.7 25.6
1.1x107%| 495 7.31 50.5 30.2 25.8
2.2x107% | 494 7.14 50.6 30.2 25.9
42x1076 | 495 7.06 50.5 30.1 25.8
6.2x1076 | 495 6.78 50.5 29.8 25.6
9.8 x 1079 | 50.1 6.96 49.9 29.7 25.4
1.8x107° | 52.3 4.98 47.7 27.6 23.9
2.4x107°% | 59.5 2.83 40.5 25.7 22.5
3.0x107° | 67.7 2.02 32.3 24.7 21.4

Table 4.5: Photoluminescence decay parameters for CdTe QDs in water
with different MV?2% concentrations

4.2.2 Nanosecond and Ultrafast Time Resolved Ab-
sorption Measurements

Ns-laser transient absorption experiments have been carried out
to investigate the nature of the interactions between CdTe QDs and
MV?* molecules. Upon excitation of nanocrystals at 355 nm, tran-
sient signal can be detected only in presence of MV?* (Figure 4.12).
The transient absorption data can be rationalized considering that
at least two transient species are photochemically produced. There-
fore the signals centered at 400 and 600 nm can be attribuited to
the excited state absorption of the methylviologen transient species.
In particular the former at 600 nm is due to the radical cationic
specie MV*T absorption, while the band at 400 nm is characteris-
tic of the combined absorption of the radical cation (MV*") and
neutral (MV?) species!"848] With the aim to achieve a good
transient signal with a low signal to noise ratio, it was necessary
to work with a M V2% concentration limit of 7,5 x 105 M, higher
than the photoluminescence measurements but well below the limit
value where the flocculation occurs. The flash photolisys character-
ization has confirmed that the charge transfer processes occurs from
the CdTe QDs to the MV?t after the excitation of the nanocrys-
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tals.
The analysis with ultrafast TAS technique was carried out in order

0,008
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0,004

AO.D.

0,002

0,000

IV RN SR NN SN N SR ST SR ST
400 450 500 550 600 650 700

Wavelength (nm)

Figure 4.12: Ns-laser transient absorption spectra of CdTe QDs with a
MV?*+ of 7,5 x 1075 M after a delay of 2 us

to obtain information about the evolution of the excited state of
the CdTe with different concentration of MV?2*. In order to have a
good overview of these processes, in addition to the sample without
the quencher, we have chosen two concentrations corresponding to
the plateau in the Stern-Volmer curve (one at the start and one at
the end) and a third value on the maximum of the quenching.

Also in this case the samples were excited with two different wave-
lengths; near the BG transition at 520 nm and at high energy levels
on the CB with a wavelength at 400 nm. For both excitation wave-
lengths the transient measurements show the same spectral com-
ponents (Figure 4.13). The bleaching transition is centered around
565 nm and a positive signal above the 600 nm due to the ESA. The
analysis of the spectra shows a broadening of the bleaching band

o7



58 ELECTRON DYNAMICS AND CHARGE TRANSFER PROCESS IN CDTE QDs

with increasing the quencher concentration and this leads to sup-
pose that the MV 2T molecules interact differently with the excited
QDs populations. This latter phenomenon is not observed in the
groundstate absorption spectra probably because of the presence of
the continuum absorption at lower wavelengths.

Despite of the flash photolysis measurements, the ultrafast tran-
sient signals of the MV 2 transient species do not appear. This is
ascribable to the concentration of the methylviologen species under
the detection limit. In literature the MV?2" transients have been
characterized at concentrations orders of magnitude higher["". As
previously mentioned it is impossible to increase the dye concen-
tration due to the particles flocculation.
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Figure 4.13: Single photon counting decay traces and instrumental
function with and without MV 2+
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Figure 4.14 shows the normalized kinetic traces extracted at the
maximum of the bleaching band at different MV?2* concentrations
for both excitation wavelengths. Since the longer time is due to the
luminescence electron-hole recombination, the average decay time
obatined with the SPC was fixed during the fitting analysis. The
parameters obtained from the data analysis are reported in Table
4.6.

The rise component, due to the electron cooling on the VB, re-
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Figure 4.14: Kinetic traces recorded on the bleaching maximum at 565

nm with different M V2" concentration exciting at (A) 520 nm and (B)
400 nm
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main constant for both excitation wavelengths. This confirms that
the electron transfer process occurs from the excited state on the
CB and the presence of the MV?2T on the surface does not affect
the energy of the ground levels.

The analysis of the recombination processes show interesting be-
haviours. The increment of the electron-acceptor concentration
should result in a reduction of the decay times due to the capture
of the electron by the MV?2*. However the time decay ascribable
to the surface trapping and Auger recombination increases and it is
drastically reduced when the quencher concentration is 6 x 107> M.
This trend confirms that the charge transfer processes involves dif-
feret excited states. The presence of multiexcitonic species on the
CB increases the electron density on the external levels, and the
double positive charge of M V2T stabilizes the more external levels.
Therefore at lower concentration the MV?T mainly interacts with
the external levels, i.e. the states ascribable to the surface defects
and the Auger recombination, leading to an incremnt of their life-
time. However, when the concentration exceeds a mimimum value,
corrisponding to the last point on the Stern-Volmer plateau before
the rise, the charge transfer process becomes dominant. At high
MV?** concentration (6 x 107 M) the bleaching is characterized
by a fast decay in which the long radiative electron-hole recombi-
nation component disappears. This evidence is ascribable to the
depopulation of the excited state due to the electron transfer to
the acceptor molecule.

4.2.3 Conclusions

According to our measurements, the CdTe QDs have the ten-
dency to give electrons in the presence of electron acceptor sys-
tems. The transfer process is supported by the strong affinity of
the quencher molecules that statically interact with the QDs surface
sites. This evidence was confirmed thanks to the photolumines-
cence characterization and in particular by the strong non-linearity
of the Stern-Volmer plot and by the high values of K,p,. Further-
more the SPC measurements have shown that the MV 2+ molecules
interact differently with the emitter populations of the QDs.

The presence of the electron transfer process was confirmed by the
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nanoseconds transient absorption where it has been possible to ob-
tain tansient spectra characterized by two different bands due to the
absorption of the M V2" transient species. Also the ultrafast TAS
measurements have revealed the transfer process thanks to the dis-
appearance of the long radiative decay component. Regarding the
shortest component due to the surface trapping and Auger recombi-
nation, it was possible to characterize a strong dependence of these
two states by the bicationic nature of the acceptor. Given their
presence on the outer levels of the QDs, the molecules positively
charged initially stabilize the outer electrons and subsequently the
transfer process accelerates with a consequent reduction of the de-
cay times.
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Table 4.6: Time constant and relative pre-exponential factors of CdTe
MPA capped QDs with different MV?2T concentrations; A; and 7 are
relative to the rise component
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Chapter

Internal Charge Transfer
Processes in a Push-Pull Dye
and Solvatochromism Effects

In the previous chapter we have discussed the electronic prop-
erties of the CdTe nanocrystals and the charge transfer processes
from the QDs to the MethylViologen molecules. Now we are go-
ing to treat a further charge transfer process that occurs with an
intramolecular mechanism. A large number of studies on photoin-
duced intramolecular electron transfer in materials of interest for
energy harvesting devices and solar concentrators, have been pub-
lished during the past decades[86-89],

The molecule under investigation, called F500, is characterized by
an extended conjugation and is shown in Figure 5.1. The electron
acceptor group is represented by a benzothiadiazole that is con-
nected to two electron rich thiophenic groups. In order to have
an efficient solar concentrator system the simultaneous presence of
a high emission quantum yield and a high Stokes shift (reduced
autoquenching phenomena) is necessary. These characteristics are
strongly influenced by the properties of the solvents. In solution, af-
ter the excitation of the dye, the variation of dipole moment causes
a reorganization of the first solvation sphere of the solvent leading
to a further stabilization of the excited state. As a result of this
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process a change in the fluorescence quantum yield and a Stokes
shift dynamic are expected.

In this work we have studied the optical properties of the F500
in different conditions of the chemical surrounding. In particular
we have combined a steady state characterization with transient
absorption technique in order to obtain information about the in-
tramolecular charge transfer (ICT) process and how this is modified
by the environment. Lastly we have compared the ICT character-
ization in solvents with the one made in a matrix of polymethyl
methacrylate (PMMA).

Figure 5.1: F500 molecular structure

5.1 Steady-State Characterization

In Figure 5.2 are shown the absorption and emission spectra of
the F500 in different solvents while in Table 5.2 are given differ-
ent spectroscopic parameters. The samples in the various solvents
were excited at 485 nm and the emission spectra recorded in the
range from 500 to 850 nm. The absorption spectra show two bands
centered around 500 and 345 nm. Their position is not influenced
by the solvent polarity. We notice that the band at 345 nm is nar-
rower than that at 500 nm and in apolar solvents it is possible to
notice a defined vibronic progression to the band on the UV region.
This is clearly due to their different nature. The two signals can
be assigned to two different transitions. The first peak in the UV
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5.1 STEADY-STATE CHARACTERIZATION 67

region can be associated to the m — 7* transition and the second
one centered around 500 nm is the result of the HOMO — LUMO
transition. In this system the electronic density for the ICT tran-
sition is localized on the acceptor group benzothiadiazole, while
regarding the groundstate and the m — 7* transition, the elec-
tronic density is delocalized throughout the molecule.

In contrast to that observed in the absorption spectra, an impor-
tant Stokes shift can be observed on the fluorescence emission mea-
surements. In particular the Stokes shift is strongly influenced by
the dielectric constant of the solvents: a red-shift of 4500 em ™!
is observed in DMSO and a shift of 2360 cm ™! in hexane. Fur-
thermore the emission band in apolar solvents shows two different
components that disappear increasing the polarity of the medium.
This evidence can be ascribed to the presence in solution of dif-
ferent molecular conformations. Comparing the data obtained in
solution with those obtained in PMMA it is possible to notice that
the Stokes shift is 3860 ¢m ™!, that it is an intermediate value be-
tween those obtained in THF and DCM (Table 5.1). However while
the absorption spectrum does not show significative differences, the
emission spectrum shows a narrower spectral feature like that reg-
istered in THF. Therefore the emission spectrum in a solid matrix,
characterized by a smaller full width half maximum (FWHM), con-
firms that the broadening of the emission is due to the presence of
different structural conformations.
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The emission quantum yields (QY) values are reported in table
5.1. As can be seen from Figure 5.2, the F500 molecule is character-
ized by a very broad emission spectrum, undergoing a considerable
shift in function of the polarity of the solvent used. It was not
possible to find a fluorescence standard able to provide an accurate
estimate of the relative emission quantum yields. In order to obtain
the same response of the phototube it is necessary that the emission
spectral region of the reference compound is the same or at least
comparable to that of the sample. Therefore according to these
observations, the quantum yields were determined using both Rho-
damina 6G and Cresyl Violet. For the samples in apolar solvents
Rhodamina 6G in ethanol were used having a QY of 0.95 exciting
at 480 nm !9 while for the polar solutions the Cresyl Violet were
used in ethanol, having a QY of 0.54 exciting at 540 nm[%'].

The photochemistry of the molecules is strongly influenced by the

Solvent ‘ Polarity FWHM/(cm™!) Va-Up(em™) QY (%)
Hexane 1.89 2720 2360 67
Ciclohexane 2.02 2720 2760 70
Et:0 4.33 2780 3550 64
THF 7.5 2250 3590 66
DCM 8.93 2860 4340 90
Acetone 20.7 2800 4200 78
DMSO 46.68 2920 4500 86
PMMA - 2620 3860 -

Table 5.1: FWHM of the emission spectra, Stokes shift and emission
quantum yield of F500 in solvents at differen polarity

chemical and physical properties of the medium. Since the dipole
moment of the excited state (j4) is bigger than that of the ground-
state (ue), the dielectric constant and the refractive index of the
solvent lead to changes on emission spectra of the dyes. Therefore
when the system is perturbed towards an excited state, the sol-
vent molecules respond to the charge distribution changes on the
fluorophore reorganizing their coordination sphere around the dye.
As a result of this process, the excited state of the chromophore is
stabilized towards lower energies (solvatation energy) and therefore
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leading to a further shift of the emission band. This phenomenon
is called solvatochromism and can be treated by the model devel-
oped by Onsager. In this theory the solute is a punctiform dipole,
with a polarizability, placed at the center of a spherical cavity, of
radius a. The solute is considered immersed in a continuous dielec-
tric characterized by a dielectric constant (¢) and a refractive index
(n). By employing of this model and the quantum mechanical sec-
ond order perturbation theory, Kawski et. all%2794 have related the
Stokes shift and the sum of the wavenumbers at the maximum of
absorption and emission spectra with the solvent polarity parame-
ters f(e,n) and f(e,n) + 2g(n)

VA — Vp = my f(€e,n) + const (5.1)
Vg + vp =mq [f(e,n) 4+ 2g(n)] + const (5.2)
where

. 2(pe — :ug)2

m1 = hca3 (53)
2(pg — 1)

_ 4

e heca? (54)

a is the Onsager radius, equal to 6.1 A obtained by applying the
method of the increments of Edwards!?l. In this case the Onsager
cavity for this molecule is given by an ellipsoid and the solvent
polarity parameters f(e,n) and f(e,n) 4+ 2g(n) can be determined
from the equations 5.5 and 5.6

Iem = =g =7 >

ot = S (5.6
where

(e

o = 3A(1 - A)(n? —1) (5:5)

2[n? — (n? — 1)4]
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A defines the shape of the solute molecule. The F500 molecule can
be describe by an ellipsoidal prolate where the value of the constant
A is considered equal to 0.174[92931 At this point it is possible to
determine the dipole moments of the ground and excited state. In
table 5.2 the calculated solvent polarity parameters are reported,
while in figures 5.3A and 5.3B the trend of the v,-v; and v, +7; in
relation of the f(e,n) and f(e,n)+2g(n) are reported respectively.

The values of m; and mg are obtained by the linear equations

4500 - ( A)

4000 -

3500 -

3000 |
v,-v, = m_*f(e,n)+const

2500 - m, =7880 cm”

2000

0,0 0,1 0,2 0,3
f(e.n)

v,~v, = -m,*[f(e,n)+2g(n)]+const |
m, = 8550 cm”

38000 -

37000 -

36000 -
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f(e,n)+2g(n)

Figure 5.3: (A) Plot of v4 — vp versus f(e,n) and (B) plot of v4 +vp
versus f(e,n)+ 2g(n) in different solvents

5.3 and 5.4. Tt is possible to determine the dipole moments of the
grond and excited states

me — My <hca3

2
Hy =~ ) =0.57D (5.9)

2m1
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1
mi +ma [ hea?) 2
.= — 13.87D .
1 5 (2m1 ) 3.87 (5.10)

The high dipole moment variation (Ap = 13.30D) confirms the
larger observed Stokes shift. Solvents with higher polarizability
tend to reorganize the coordination sphere as a function of the
dipole moment changes and therefore stabilizing the excited state.
However comparing these results with those obtained in DTBT
by Basagnil®¥, it is possible to notice that in our case we have
a monophasic behaviour due to the hindered movements of the
thiophenic groups around the axis bond.

5.2 Ultrafast Transient Absorption Charac-
terization

Transient absorption measurements were done under magnetic
stirring and pumping the sample solutions with a wavelength tuned
at 485 nm with an energy of 150 nJ and a repetition frequency of
100 Hz, near the maximum of the ICT transition. By comparing
the obtained results we want to know how the dielectric properties
of the solvents can influence the spectral properties of the excited
states and the recombination dynamics of the transient species, in
particular as concerning the F500 in PMMA.

The recorded spectra (figure 5.4) have shown the same spectral
features for all solvents. The bleaching band is ascribed to the
HOMO-LUMO transition (ICT transition) and shows a well defined
minimum at the same energy to that observed in the steady-state
absorption spectrum. However the bleaching is partially masked
by the scattered excitation light, and the signal on the red edge
of the band is partially covered by the overlapping with the stim-
ulated emission (SE) signal. The F500 molecule is characterized
by a broader excited state absorption (ESA) that partially covers
the SE band. This overlapping becomes more and more significant
increasing the solvent polarity. Although it is difficult to discrim-
inate the temporal evolution of the individual transitions due to
their proximity, in all samples it is possible to observe an evolution
of the SE signal towards higher wavelengths due to a dynamical
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Table 5.2: Solvent polarity parameters f(e,n) and f(e,n) + g(n), Sokes
shift ,-vf(cm™!) and sum of the wavenumebers at the maximum of
absorption and emission spectra v, +vy(cm™!)

Stokes shift, i.e. related to the solvent reorganization around the
excited molecules. The ESA is characterized by a positive signal
on the red edge of the spectra.
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Figure 5.4: Transient absorption spectra obtained exciting the sample
at 485 nm (spectral evolution from red to blue)
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Therefore in order to analyze the temporal evolution and ex-
tract the dynamics from the various components of the transient
spectra we have applied the global analysis through the GLOTARAN
package (http://glotaran.org) [242%!. This method consists of a com-
bined approach of singular values decomposition (SVD)[2'-23] and
of the simultaneous fitting of all the collected kinetic traces. In fig-
ure 5.5 the evolution associated decay spectra (EADS) of the F500
in different solvents are shown, while in table 5.3 the decay time
and the normalized weigth extracted from the global analysis are
reported.
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Figure 5.5: Evolution associated decay spectra (EADS) obtained by the
simultaneous fit of all the kinetic traces recorded for the F500 in different
solvents
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Solvent ‘ t1 (pS) Ay (%) to (pS) AQ(%) t3 (ns) Ag(%)
Hexane 0.53 0.05 6.5 0.63 4.1 99.3
Ciclohexane | 0.35 0.04 8.5 0.86 3.1 99.1
Et0 0.66 0.07 4.4 0.45 2.7 99.4
THF 0.69 0.07 6.9 0.68 3.6 99.25
DCM 1.30 0.12 18 1.72 5.0 98.16
Acetone 0.67 0.06 6.0 0.60 3.6 99.34
DMSO 0.68 0.07 4.6 0.45 3.6 99.48
PMMA 1.10 0.1 348 31.2 3.3 68.7

Table 5.3: Decay times and normalized weights extracted from the
global analysis

The global analysis has shown three different components for
each sample with similar kinetic constants associated to the sys-
tem relaxation for all the different solvents. From the EADS it is
possible to notice how the formation of the bleaching and the SE
signals is instantaneous and after a delay time of few picoseconds,
the signal of the SE is compensed by the ESA transition.

The first component is ascribed to the signal of the molecule before
the solvent reorganize the coordination sphere. Therefore the ki-
netic constant below the picosecond is correlated to the dynamical
Stokes shift. The presence in solution of various molecular confor-
mations leads to a nonexponential behaviour with similar EADS
features for the other two components. However the blue-shift and
the decay on the red edge of the ESA signal and the partial narrow-
ing of the bleaching band of the third component, suggests that the
second decay time, of the order of a few picoseconds, is ascribable
to structural rearrangements and/or vibrational coolings. Lastly
the nanosecond decay constant is due to the recombination of the
ICT states, i.e. to the HOMO-LUMO orbitals. The nature of this
transition is confirmed by the high value of normalized weight re-
ported in table 5.3. However it is necessary to consider that the
longer time is affected by a large error due to the shorter length of
the delay line.

Comparing the data obtained in PMMA with that recorded in sol-
vents with different optical properties, it is possible to notice how
the transient spectra and the EADS obtained with the global anal-
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ysis are more similar to that recorded in apolar solvents. This trend
can be explained in terms of polarizability; in solvents with higher
polarizability occurs a faster reorganization of the solvent molecules
around the solute when excited and the dipole moment increases.
Therefore the high rigidity of a PMMA matrix is comparable to a
system with solvents of low polarizability. Furthermore the second
component in a PMMA matrix show a decay time of 350 ps, two
order of magnitude slower than the molecule in solvents, confirming
that this component is due to a structural rearrangements of the
F500 molecules.

5.3 Conclusions

Therefore it is possible to conclude that the F500 molecule is
strongly affected by the polarizability of the solvent with a greater
stabilization of the ICT state in polar solvents, and it is confirmed
by the high dipole moment of the excited state. Emission measure-
ments have shown that the sample in PMMA has an intermediate
behaviour between the dye in THF and DCM, with a narrower
FWHM that confirms a lower amount of conformers. The study
of the evolution of the excited state with the transient absorption
technique associated with the global analysis has shown a trend
similar to that obtained in apolar solvent. This phenomena can
be explained associating the rigidity of the PMMA matrix to the
lower polarizability of the apolar solvents.
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Chapter

Energy Transfer Processes in
Supramolecular Complexes:

Models for the Photosynthetic
Antenna-Reaction Center

The photosynthesis is a very complex process which many or-
ganisms in nature use to produce energy. In spite of their complex-
ity due to the wide organization of a multitude of chromophores
with distinct photochemical and photophysical properties, these
natural systems have an extremely high energy production effi-
ciency. In order to disentangle the various contributes to the overall
energy conversion it is important to develope simple systems capa-
ble to reproduce partial mechanisms present in natural systems.
In this chapter we are going to investigate the energy transfer pro-
cesses in systems with potential applicability as antenna systems.
The two systems under investigation are calix[4|arenes assemblies
and a BODIPY donor-acceptor system. Therefore, after an ini-
tial characterization of the photophysical properties by steady-state
technique, the energy transfer processe is studied through ultrafast
transient absorption spectroscopy.
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6.1 Excited Energy Transfer in a Supramolec-
ular BODIPY-Styryl Pyridinium Com-
plex

The energy transfer from an aminostyryl pyridinium molecule
(SF117), which acts as acceptor, to a donor that consist in a BOD-
IPY system (SF106) is characterized. The molecular structure of
the two separate moieties are reported in Figure 6.1.

The borondipyrromethene (BODIPY) dyes constitute one of the

OH

7’ AJ

= SF117

N* I-

I

Figure 6.1: Donor (SF117) and acceptor (SF106) molecular structures

most efficient class of fluorescent chromophores. The BODIPY
molecules have attracted attention in the recent years thanks to
their stability, absorption coefficient and emission quantum yields.
These properties have allowed to use this family of compounds in
many systems such as light harvesting for solar energy conver-
sion"6991 hiological sensor!190101] and laser dyes!192l. Therefore
we have chosen this componds as acceptors in order to exploit their
unique optical properties.

Aminostyryl pyridinium dyes are known as heterocyclic organic
molecules and they have been widely used in several areas. In par-
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ticular this molecular system has found applications especially as a
laser material[103:104] and as a biological sensor[10%:106]  The excited
state of this molecule is characterized by an intramolecular charge
transfer (ICT) where the electron moves from the styryl group to
the pyridinium group[105’107’109]. In our system the SF117 is linked
to a BODIPY by a covalent bridge that does not allow delocaliza-
tion of the charges. The structure of the bichromophore (SF119) is
show in Figure 6.2.

Figure 6.2: Bichromophore (SF119) molecular structures

6.1.1 Steady-State Measurements

The necessary condition to achieve an excitation energy trans-
fer (EET) is the overlapping between the absorption spectrum of
the acceptor and the emission spectrum of the donor, the distance
and the relative orientation of the two dipoles. In figure 6.3 it is
possible to notice the good overlap between the spectra of the two
molecules. Furthremore the high Stokes shift between the absorp-
tion and emission spectra of the donor reduces potential phenomena
of autoabsorption.

In Table 6.1 are reported the values of the quantum yields (QY) ob-
tained for the molecules under investigation. The quantum yields
were determined using Rhodamina 6G as standard!®®). The donor
show a very low QY with a value of 0.1% in chloroform and 0.005%
in acetonitrile suggesting the presence of efficient nonradiative de-
activation pathways. Regarding the acceptor we have obtained val-
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ues of the order of 70% with higher values in chloroform than in
acetonitrile. The maximum values of QY are achieved when the
sample is excited at 570 nm in both solvents.

The absorption spectrum of the bichromophore in Figure 6.4 is

T T T T T T T T
—— SF117 Absorption
—— SF106 Absorption
—— SF117 Emission

Normalized Absorbance
(‘n"e) Ayisuayu|

s N 1 s s
300 400 500 600 700 800

Wavelength (nm)

Figure 6.3: Absorption spectrum of the donor (black line) and over-
lap between the absorption spectrum of the acceptor (red line) and the
emission spectrum of the donor (blue line)

perfectly reproduced by the sum of the two independent moieties.
This is the finger print of a small coupling between the orbitals of
the donor and acceptor molecules. The band on the UV region at
350 nm is ascribable to the transition 7 — 7* of the acceptor. The
other two signals centered at 500 and 620 nm are ascribable to the
HOMO — LUMO transition of the donor and acceptor respec-
tively. In particular the transition in the aminostyryl pyridinium
group correspond to the ICT process. The emission spectrum (red
line) shows a narrower band centered at 630 nm with a shoulder
on the red-edge of the spectrum. The Stokes shift of 10 nm is the
same of the isolated acceptor. Analysing the QY in Table 6.1 it is
possible to notice an almost unitary EET in chloroform indipen-
dently from the excitation wavelength. Therefore despite the low
QY registered for the donor the EET process proves to be very
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Figure 6.4: Absorption (black line) and emission (red line) spectra of
the bicromophore SF119

efficiet in particular in a low polar solvent such as chloroform.
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Donor - SF117
Solvent A*C (nm) P

Chloroform 530 0.1
Acetonitrile 530 5% 1073

Acceptor - SF106

Solvent A*¢ (nm) P

620 0.77

Chloroform 570 0.99

350 0.79

I 620 0.68

Acetonitrile 570 0.72
SF119

Solvent A*¢ (nm) P

620 0.85

Chloroform 570 0.97

500 0.98

620 0.35

Acetonitrile 570 0.37

470 0.36

Table 6.1: Emission quantum yields of SF117 (donor), SF106 (acceptor)
and SF119 (bichromophor) at different excitation wavelengths in chloro-
form and acetonitrile
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6.1.2 Ultrafast Transient Absorption Measurements

In order to obtain new pieces of information about the excited
states evolution and how these contribute to the EET process we
have performed TAS measurements. Before the analysis of the
bichromophore system, we have studied the donor and acceptor
systems separately in order to analyze how the photophysical prop-
erties change when they are linked together. As a first step we have
collected the transient spectra of the donor in chloroform and ace-
tonitrile. The transient spectra were recorded pumping at 520 nm
with an energy of 150 nJ for both samples. Since the excitation
light is tuned with a wavelength near the absorption maximum of
the donor, the bleaching signal is not well resolved due to the scat-
tered light of the pump. In order to extract the dynamics from
the various components of the transient spectra and obtain their
temporal evolution we have used global analysis provided by the
GLOTARAN package (http://glotaran.org)2425].

The transient spectra of the donor recorded in chloroform (Figure
6.5A) have shown an excited state absorption (ESA) centered at
450 nm and a stimulated emission (SE) evoleving toward longer
wavelengths. This evolution is ascribable to the dynamical Stokes
shift where the solvent molecules reorganize around the excited
state. This process is most prominent in the acceptor system due
to the ICT from the styryl to the pyridinium group that leads to an
important dipole moment variation 105107109 Thig latter is made
more evident by the evolution associated spectra (EADS) in Figure
6.5B and is characterized by a slower dynamics. The global analysis
shows two faster component of 300 fs and 1.6 ps. The population
decay has a time constant of 254 ps.

The transient spectra of the sample in acetonitrile (Figure 6.5C)
show the same spectral features with slight differences than those
obtained in chloroform. The ESA signals is centered at 450 nm
and it is characterized by a larg band. Regarding the bleaching it
is possible to notice a narrow band that it is not well separated
from the SE band. A narrower structure is also showed by the SE
signals with a red shift of the maximum. In this case the dynam-
ical Stokes shift is characterized by a faster dynamics. The global
analysis (Figure 6.5D) shows a fast solvent rearrangement around
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the donor molecules with a time constant of 1.5 ps. In acetonitrile
the system relax with a time decay of 25 ps confirming the presence
of larger amount of nonradiative deactivation pathways.

The BODIPY acceptor molecules have been studied in the same
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Figure 6.5: Transient absorption spectra at different delay time (signal
evolution from red to blue) in (A) chloroform and (C) acetonitrile; Evo-
lution associated decay spectra (EADS) obtained by the simultaneous fit
of all the kinetic traces recorded in (B) chloroform and acetonitrile (D)
for the donor (SF117)

solvents of the donor with an excitation wavelength of 570 nm and
an energy pump of 150 nJ. The TAS measurements in chloroform
are show in Figure 6.6A while the TAS measurements in acetoni-
trile are in Figure 6.6C . The transient spectra exhibit the same
spectral features with an ESA around the 450 nm and a negative
signal centered at 630 nm in both solvents. The latter component is
characterized by a convolution of the bleaching and SE signals due
to the little Stokes shift. Contrary to that observed in the donor,
in this case it is not detected a dynamical Stokes shift process. In
all cases three kinetic components are necessary to satisfactorily fit
the data. The first EADS (black line) is defined by a decay time
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of 300 and 400 fs respectively and the negative signal contains a
shoulder on the blue edge of the band due to the bleaching sig-
nal. Increasing the delay time the bleaching becomes less defined
leading to the formation of a broader band. The other EADS show
differences in the decay time and in the spectral features suggesting
a low dependence of the BODIPY excited states from the polarity
of the solvent.

Subsequently to the analysis of the excited states evolution of the

AO.D.
AO.D.

400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
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Figure 6.6: Transient absorption spectra at different delay time (signal
evolution from red to blue) in (A) chloroform and (C) acetonitrile; Evo-
lution associated decay spectra (EADS) obtained by the simultaneous fit
of all the kinetic traces recorded in (B) chloroform and acetonitrile (D)
for the acceptor (SF106)

donor and acceptor molecules, we have studied the EET process
in the bichromophore system. As in the previous measurements,
we have analyzed the process in both acetonitrile and chloroform
solvents. The ultrafast transient spectra and the EADS obtained
by the global analysis are reported for the sample in chloroform in
Figure 6.7 and for the sample in acetonitrile in Figure 6.8. All the
spectra were recorded exciting the samples at 520 nm on the donor
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absorption band; at this wavelength the absorption of the acceptor
is negligible.

The transient spectra recorded in chloroform show the formation
of three different components; two negative signals and a positive
signal due to the ESA transition. The bleaching signal of the donor
cannot be observed because it is covered by the scattered light of the
pump. The first SE component centered around 575 nm is ascrib-
able to the donor and disappears in a few hundreds of femtoseconds.
The second signal is due to a combination of the bleaching and SE
signal of the acceptor moiety and show a well define band centered
at 630 nm and decay with a time consatnt of 2.9 ns. Regarding the
ESA band, it is necessary to consider that the absorption on the
excited state for the reference compounds previously studied have
shown a similar signal in the same position. Therefore in this case
the ESA features under observation represent a convolution of the
two signals relative to the acceptor and donor.

The global analysis of the system shows four different EADS com-
ponents. The shorter component has a decay time of 600 fs and
describe the SE features of the donor moiety with a shoulder around
620 nm due to the initial formation of the acceptor bleaching-SE
signal. The second component is associated to a decay constant
of 6 ps. The signal of the donor almost disappear and the accep-
tor signal is fully formed in tens of femtoseconds. Therefore the
biphasic nature of the EET, i.e. the presence of two transfer times,
implies the presence in solution of two main conformations in solu-
tion capable to give energy transfer. In the last two components,
the donor signal is completely decayed and the spectral features of
the acceptor remain the same. The third component has a time
constant of 166 ps and the fourth decay is 2.9 ns. Such behaviour
can be ascribed to different conformations probably interconverting
during the emission process.

From the TAS measurements in acetonitrile (Figure 6.8A) it is pos-
sible to achieve transient spectra with the same components than
those obtained in chloroform. The most important difference is the
faster decay of the donor SE component. The correct interpreta-
tion of this evidence is obtainable after the global analysis from the
EADS (Figure 6.8B). The shortest component show a weak signal
relative to the SE of the donor moiety and an instantaneous for-
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Figure 6.7: (A) Transient absorption spectra at different delay time
(signal evolution from red to blue); (B) Evolution associated decay spec-
tra (EADS) obtained by the simultaneous fit of all the kinetic traces
recorded for the bichromophor (SF119) in chloroform

mation of the signal relative to the acceptor moiety. The decay
constant of this process is 260 fs. Also in acetonitrile is present a
second component with a decay time of 5.5 ps that shows a residual
presence of the donor bleaching on the blue-edge of the acceptor
band. Therefore, as well as in chloroform, the two EET times con-
firm the presence of a more than one conformation able to give
EET. The interpretation of the slower decay constants is the same
of that proposed for the sample in chloroform, but in this case we

89



ENERGY TRANSFER PROCESSES IN SUPRAMOLECULAR COMPLEXES:
90 MODELS FOR THE PHOTOSYNTHETIC ANTENNA-REACTION CENTER

have obtained faster decay times of 33 ps and 2.1 ns respectively.
The faster recombination time associated to a lower QY mean that
there is greater interaction between the donor and acceptor moi-
eties. Consequently this phenomenon leads to a more efficient re-
combination or retrodonation process. It is important to notice
that in both systems the long recombination time of the acceptor
moiety is smaller than a third when it is linked with the donor in
the bichromophoric system. This evidence confirm the presence of
a further deactivation pathway ascribable to a retrodonation pro-
cess or a more efficient recombination due to the interaction with
the donor.
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Figure 6.8: (A) Transient absorption spectra at different delay time
(signal evolution from red to blue); (B) Evolution associated decay spec-
tra (EADS) obtained by the simultaneous fit of all the kinetic traces
recorded for the bichromophor (SF119) in acetonitrile
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6.1.3 Energy Transfer Rates

After the acquisition of the experimental data we have deter-
mined the EET constant (kgpr) and copared to that obtained by
Forster theory!''%1. The rate of EET is given by the following
equation

dpk? <9000(ln10)
keppr =

> 4
Tp RO 1287T5NAn4>/0 Fp(MNea(M)X%dA  (6.1)

The equation 6.1 can be also expressed by

6 _
— qTﬁ;) <Ro> _¢p (8.785 x 10 25J(e)> 6.2)

R D n4R6

where ¢p and 7p are the quantum yield and the lifetime of the
donor respectively, N4 is the Avogadro’s number, n is the refrac-
tion index of the medium, R is the center-to-center separation in cm
and k2 describes the orientation factor associated with the dipole-
dipole interaction between donor and acceptor. The parameters
into the overlap integral (J(€)) represent Fp(\) the normalized
emission spectrum of the excited donor in the wavelength range
A to A+ A\, ey is the extintion coefficient of the acceptor at the
wavelength A. J(e) is expressed in units of em3M 1.
From DFT calculations of structural optimization we have obtained
two limit values of R: 10A is the distance of maximum coupling and
18.8A is ascribable to the conformation with minimum coupling.
The potential couplings at different dihedral angle are reported in
Figure 6.9, while the EET times obtained by the equation 6.2 and
by the analysis of the transient spectra are reported in Table 6.2.
The EET constant can be calculated using the coupling at different
values of R by applying the following equation
kppr = %VQJ (6.3)

where V is the coupling expressed in ¢m ™! and J is the overlap-
ping integral normalized for the overlapping areas of the emission
spectrum of the donor and the absorption spectrum of the accep-
tor. From the minimum geometry (R=18.8A) we have obtained a
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Figure 6.9: Variation of the square of the coupling V2 to vary the
dihedral angle between the acceptor and donor in chloroform

Forster R—10A Forster R—18.8A TAS
Solvent k(s™T) 7(fs) k(s™h) 7(ps) k(s™T) 7(fs)
Chloroform 2.13 x 10" 470  1.43 x 10" 7 1.66 x 1072 600
225 5 x 101° 20 3.84x10'2 260

Acetonitrile  4.44 x 10'?
Table 6.2: Excited energy transfer constant (kggr) and time (7ggr) of
the bichromophore in chloroform and acetonitrile calculated by Forster

theory and by TAS

EET time of 22 ps, while considering a distance of 10A where the
coupling is maximum we have achieved a time of 300 fs. The values
calculated with the two equations are in good agreement with the

experimental data when R assumes the limit value of 10A.

6.1.4 Conclusions
The steady-state characterization of the bichromophoric system

has shown well separated bands for the donor and the acceptor sug-
gesting a small coupling between the orbitals of the two molecules.
Furthermore the emission QY measurements have shown an effi-
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cient EET process.

TAS measurements of the donor have shown an important dynam-
ical Stokes shift on the SE band due to the ICT process. This
process is not observed for the acceptor where the Stokes shift is
smaller. The bichromophore is characterized by a fast EET process
with a time constant of 600 fs in chloroform and 260 fs in acetoni-
trile, while the residual signal after a few ps is due to a different
molecular conformation able to give energy transfer. An interest-
ing results is the shorter lifetime of the species in acetonitrile (2.1
ns) than in chloroform (2.9 ns). This trend suggest the presence of
a further deactivation pathways principally ascribable to the back
energy transfer. Lastly the application of the Forster theory us-
ing the two limit values of R has lead to comparable results with
those obtained experimentally by the TAS technique only in the
case when R is equal to 10A. Therefore it is possible to affirm that
the Forster model is able to describe the EET process that occurs
in the our BODIPY system.
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6.2 Energy Transfer in Supramolecular
Calix|[4]arenes Assemblies

An important limiting factor for the development of antenna
systems is the building of artificial structures which contain multi-
ple chromophores providing sequential energy transfer. With this
aim, here we report an example where the calix|4|arenes are used as
building blocks for the construction of multichromophore systems.
The excited energy transfer has been studied as a function of the
position of the chromophores linked to the calix[4|arene ring and of
the different system conformations.

The calix|4]arene skeleton is almost blocked in a cone conformation.
However the tetraalkylated[!!l derivatives retain some conforma-
tional flexibility and in solution it’s possible to observe a dynamic
equilibrium between two flattened cone conformations of Csg, sym-
metry (Figure 6.10) 112,

The presence of two substituents on the 1,3-distal positions of

"open” flattened cone conformation "closed" flattened cone conformation

Figure 6.10: Conformational motion of cone calix[4|arenes. If R cor-
rispond to an hydrogen atom the two conformers have equal stability

the calix[4|arene upper rim differentiates the relative stabilities of
the two C, conformers. Usually, the conformation with the two
substituted aromatic rings outward oriented and the phenol rings
parallel to each other ("open" flattened cone conformation) is the
most stable, since it minimizes the steric repulsions between the
substituents*3].  However, in presence of intramolecular attrac-
tive interactions between the upper rim substituents, the oppo-
site conformation ("closed" flattened cone conformation) can be
favoured [114:115],
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The two complementary fluorescent dyes were chosen with the aim
to have a good overlap between the emission spectrum of the donor
and the absorption of the acceptor (see Figure 6.11). In this case
the NBD donor and Nilered acceptor have been chosen. They were
covalently linked to the calix-scaffold structure. Since both the
conditions are thoroughly fulfilled in our systems, a very efficient
energy transfer is expected.

The spectroscopic measurements were done firstly on the calix[4]a-
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Figure 6.11: Overlap between the absorption spectrum of Nilered and
emission spectrum of NBD in chloroform

renes with only the donor and the acceptor unit in order to verify
the photochemical and photophysical properties of the single chro-
mophores (see Figure 6.12) and subsequently on the conformers
with both donor and acceptor species (see Figure 6.13).

6.2.1 Steady-State Measurements

In order to obtain information about the electronic evolution
and energy transfer efficiency with different structure conforma-
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Figure 6.12: calix[4]arene structures with the donor NDM (Compound
1) and acceptor Nilered (Compound 2) dyes

tion of calix|4]arene, steady-state and transient spectroscopic char-
acterization have been performed in solution of organic solvents
with different polarity. In particular acetonitrile, dimethyl sulfox-
ide (DMSO) and chloroform were chosen. The relative absorption
and emission spectra are reported in Figure 6.14 and Table 6.3.

In all solvents the absorption spectra of heterodimers 4 and 5 can
be obtained as the sum of the spectra of the reference compounds,
while for heterodimer 3 this is true only in the polar solvents, ace-
tonitrile and DMSO, while in chloroform the shape of the absorp-
tion spectrum is different.

The emission spectra are independent from the excitation wave-
length and show a very efficient EET from the donor NBD to the
acceptor Nilered. Considering the donor emission quenching of the
heterodimer with respect to the reference donor compound, it’s
possible to estimate a 98% energy transfer efficiency in the com-
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Figure 6.13: Different calix[4|arene structures with both donor NDM
and acceptor Nilered dyes

pound 3, and a nominally quantitative transfer in compounds 4 and
5. These results are confirmed by the fluorescence excitation pro-
files of the heterodimers when detecting the acceptor fluorescence:
the excitation profiles almost perfectly match the absorption spec-
tra of the heterodimers, pointing to an almost quantitative energy
transfer from the donor to the acceptor chromophore.

6.2.2 Ultrafast Transient Absorption Measurements
Reference Compounds 1 and 2

Transient absorption data analysis were carried out applying a
combined approach, through the GLOTARAN package (http://glo-
taran.org) [?4?%! consisting of singular values decomposition!?1=23:116]
and the simultaneous fitting of all the collected kinetic traces (global
analysis). The transient spectra of the reference compounds 1 and
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Figure 6.14: Absorption and emission spectra of the investigated com-
pounds in chloroform, acetonitrile and dimethylsulfoxide

2 have been measured by setting the excitation wavelength at 470
nm, while the compound 2 was been excited also at 530 nm. As
it is shown in the following, the covalent linkage of the laser dyes
NDB and Nilered to the calix scaffold does not significantly affect
the dynamics of their relaxation upon visible excitation, thus the
molecules behave similarly to what previously reported for the iso-
lated dyes[!17-119],

Figure 6.15 shows a collection of transient spectra of compound 1,
recorded at selected delay times in acetonitrile, DMSO and chloro-
form. Spectra in chloroform have been recorded only in the region
500-750 nm. It is possible to recognize a bleaching band centred
respectively at 460 nm in acetonitrile and 470 nm in DMSO. The
SE band, which in DMSO is red-shifted with respect to the acetoni-
trile and chloroform solutions, is in agreement with the steady state
fluorescence spectra measured in these solvents. The time traces
recorded in the three selected solvents have been globally analyzed
in order to extract the kinetic constants describing the evolution of
the system. In all cases three kinetic components were necessary to
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Solvent | Compound Aj¢” (nm) AZe® (nm) ¢
1 454 522 0.60
2 540 601 0.96
Chloroform 3 469; 543 600 0.38
4 465, 540 601 0.74
5 466; 538 596 0.72
1 463 535 0.72
2 534 617 0.59
Acetonitrile 3 477; 538 617 0.86
4 479, 538 626 0.27
5 478; 535 616 0.57
1 479 546 0.58
2 550 631 0.85
DMSO 3 492; 551 631 0.60
4 493, 551 630 0.71
5 490; 550 630 0.76

Table 6.3: Absorption and emission properties of the investigated com-
pounds in chloroform, acetonitrile and DMSO. The reported quantum
yield of binary compounds 4, 5, 6 are referred to Nilered fluorescence
obtained by direct excitation of NBD. The NBD quantum yield is less
than 1%

satisfactorily fit the data. The EADS (Evolution Associated Decay
Spectra) obtained by global analysis are reported in Figure 6.16.
In all solvents the SE band shift towards higher wavelengths on a
few picoseconds time scale. This is most probably due to a dynamic
Stoke-shift, i.e. related to the solvent reorganization around the ex-
cited molecules. In chloroform the SE band also gains in intensity
on a 2.7 ps time scale. Although only a minimal spectral evolution
is observed on a 50-170 ps time scale in the examined solvent (in
all cases there is a small red-shift of the SE band), it was neces-
sary to include an intermediate kinetic component in the analysis
in order to correctly fit the long time component. The excited state
lifetimes estimated by the transient absorption measurements are
in reasonable agreement with the fluorescence lifetimes previously
reported 1171,
Compound 2 was excited both at 530 nm, which is close to the
maximum of its absorption band in all the examined solvents and
at 470 nm, in order to evaluate its relaxation dynamics when ex-
cited at a wavelength close to the maximum absorption of the NBD
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Figure 6.15: Selected transient absorption spectra of compound 1 mea-
sured in (A) acetonitrile (B) DMSO and (C) chloroform, upon excitation
at 470 nm

dye. The relaxation dynamics of the system, as well as the shape
of the transient absorption profiles, was independent from the ex-
citation wavelength. The comparison of selected time traces ob-
tained upon excitation at different wavelengths is reported in Figure
6.17. Figure 6.18 reports a collection of time resolved spectra for
compound 2, recorded at different time delays in acetonitrile and
DMSO e chloroform. Both in acetonitrile and DMSO the ground
state bleaching band, which should be centered around 530nm, is
very weak, while it is more pronounced in chloroform. The bleach-
ing is partially masked by scattered excitation light, moreover an
ESA bands develops at very early times in the same spectral region
where it should appear, compensating the bleaching contribution.
The SE band is on the contrary evident in all solvents and is cen-
tered around 620-630 nm depending on the solvent. The SE shifts
towards higher wavelengths on a few ps timescale. This is partic-
ularly pronunced in DMSO, where a band shift of about 20 nm is
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Figure 6.16: Evolution associated decay spectra (EADS) obtained by
the simultaneous fit of all the kinetic traces recorded for the compound
1in: (A) acetonitrile, (B) DMSO, (C) chloroform
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Figure 6.17: Kinetic trace measured at the maximum of the SE band
for compound 2 upon excitation at 530 nm (black line) and 470 nm (red
line) in (A) Acetonitrile and (B) Chloroform.

observed between 2 and 10 ps delay. Besides solvent reorganiza-
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Figure 6.18: Selected transient absorption spectra of compound 2 mea-
sured in (A) acetonitrile (B) DMSO and (C) chloroform, upon excitation
at 470 nm

tion, such a large shift can be attributed to the formation of an
ICT, whose occurrence has been previously discussed for Nilered
dissolved in polar solvents/118:119]

Also in this case we have analyzed the collected kinetic traces by
mean of a global analysis procedure, obtaining the EADS reported
in Figure 6.19. The kinetic constants associated to the system re-
laxation are similar in acetonitrile and DMSO, being of the order
of 1 ps, 8 ps and ~3.5 ns and slightly different in chloroform. As
previously anticipated by visually inspecting the transient spectra,
the SE band substantially red-shifts on a timescale of about 1 ps
(black — red line in Figure 6.18). With the second spectral com-
ponent (red line) an intensity increase of both the SE and the ESA
bands is observed. Again, the SE band exhibit a slight red-shift,
possibly associated with vibrational relaxation processes. Finally
the last spectral component (blue line) appears. In chloroform the
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Figure 6.19: Evolution associated decay spectra (EADS) obtained by
the simultaneous fit of all the kinetic traces recorded for the compound
2 in: (A) acetonitrile, (B) DMSO, (C) chloroform

bleaching band is much more pronounced compared with the other
two solvents, possibly because the ESA band partial overlap with
it is less intense and/or blue shifted in comparison with the other
cases. Furthermore, the SE band has a different structure as com-
pared with the other two solvents, showing two peaks (600 nm and
625 nm) which decays with different times (note the change in the
relative intensity of the two bands between the red and blue line in
Figure 6.18 C). Previous studies suggested that the two bands can
be associated with two different excited states (an ICT state and a
covalent state) 18],

The lifetimes estimated by global analysis for compound 1 and 2
are summarized in Table 6.4.

Binary Compounds 3,4,5

Transient absorption spectra of compounds 3,4,5 have been
recorded by exciting the sample in the donor absorption region,
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Compound 1
Solvent \ 71 (ps) T2 (ps) 73 (ns)
Acetonitrile 0.9 160 9.2
Chloroform 2.7 137 7.3

DMSO 2.5 45 6.9
Compound 2

Solvent ‘ 71 (ps) 72 (ps) 73 (ns)

Acetonitrile 0.9 8.1 3.9

Chloroform 2.1 5.9 3.2

DMSO 0.8 8.2 3.9

Table 6.4: Kinetic parameters extracted from global analysis for com-
pounds 1 and 2

at 470 nm. From the steady state spectra of compound 1 and 2 it
can be estimated that in all solvents at this excitation wavelength
there is at least 25-30% of direct excitation of the acceptor moiety.
Figure 6.20 reports the transient spectra registered for compound 3
in the three analyzed solvents. The transient spectra of compounds
5 and 6 are very similar to those of compound 3, although the relax-
ation dynamics is affected by the fact that the donor and acceptor
molecules are maintained at a longer distance, being linked on the
opposite side of the calyxarene scaffold. In the transient spectra at
early times it is possible to recognize spectral features of the donor
moiety, in particular in its bleaching region around 470 nm, less
evident in chloroform. In the 450-550 nm region multiple contribu-
tions from both the donor and acceptor molecules appear, since in
this region both the SE of the donor and an ESA band of the accep-
tor are located. The SE of the acceptor moiety is already visible at
early time delays, and it is partially due to direct excitation of the
Nilered chromophore which has a not negligible absorption at 470
nm. By comparing the kinetic trace measured at the maximum of
the SE of the Nilered chromophore in compound 2 and 3 a notably
different rise time is observed when the chromophore is directly ex-
cited (in compound 2) with respect to the situation in which its
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Figure 6.20: Selected transient absorption spectra of compound 3 mea-
sured in (A) acetonitrile (B) DMSO and (C) chloroform, upon excitation
at 470 nm

excited state is populated as the result of energy transfer from the
donor (in compound 3) in DMSO. In the other two solvents traces
are similar on the short time scale (up to 10 ps), but differ on
the long time scale, where in compound 3 we observe a slower rise
component, due to energy transfer, but a faster decay, see Figure
6.21. In compound 3 the acceptor SE, as well the acceptor ESA
band, located at lower wavelengths, increase in time as result of
energy transfer. The evolution of the system is different depending
on the solvent, as evidenced by the time constants extracted by
global analysis. Nevertheless in all cases energy transfer appears
to be nearly quantitative, as demonstrated by the fact that at long
time delays the transient spectra of compound 2 and 3 are essen-
tially equal. The EADS obtained by global analysis are reported
in Figure 6.22. In all cases three kinetic components are necessary
to satisfactorily fit the data. The first EADS (black line) contains
features pertaining both to the donor (negative band < 530nm)
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Figure 6.21: Kinetic trace measured at the maximum of SE for com-
pound 2 (red line) and compound 3 (black line) obtained by exciting the
sample at 470 nm in (A) Acetonitrile and (B) DMSO
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Figure 6.22: Evolution associated decay spectra (EADS) obtained by
the simultaneous fit of all the kinetic traces recorded for the compound
2 in: (A) Acetonitrile, (B) DMSO, (C) Chloroform

and the acceptor chromophores. The fastest kinetics is observed in
acetonitrile, where already at less than 1 ps delay there is a sub-
stantial signal due to the acceptor SE/ESA, indicating fast energy
transfer (besides direct excitation). In all cases the dynamics of en-
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ergy transfer appears to be bi-exponential, with a fast component
on the 1-2 ps time scale and a slower (=15 ps) component in ace-
tonitrile and chloroform. In DMSO both components are slower,
being about 4 and 60 ps. These findings confirm that in DMSO the
chromophores are more far apart than in the other solvents, which
makes the energy transfer slower. In Figure 6.23 the kinetic traces
measured at the maximum of the acceptor SE in the three analyzed
solvents are compared, in order to illustrate the dependence of the
relaxation dynamics of the system on the solvent. The last lifetime
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Figure 6.23: Kinetic trace measured at the maximum of the acceptor
SE band in Acetonitrile (green line), Chloroform (red line) and DMSO
(black line) for compound 3 excited at 470 nm. Early time delays are
reported in the inset.

component should correspond to the lifetime of the isolated accep-
tor molecule. This is true in DMSO, where the two molecules are
only weakly interacting, but not in the other two examined solvents.
In both acetonitrile and chloroform we observe a shortening of the
lifetime, which results of ca 2 ns. This finding, together with the
results of fluorescence quantum yields (see Table 6.3) and the fact
that the absorption spectrum of the dimer in chloroform can not be
obtained as the sum of the spectra of the donor and acceptor moi-
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eties indicates a stronger interaction between the chromophores.
In order to investigate how the presence of the donor could mod-
ify the relaxation dynamics of the acceptor molecule we measured
the transient spectra of compound 3 excited by a 580 nm pulse
in chloroform and acetonitrile solutions. According to the spectra
reported in Figure 6.14 the NDB chromophore does not absorb at
this wavelength so that, if the donor and acceptor chromophores
are only weakly interacting one would expect to obtain transient
spectra very similar to those measured for compound 2. The ob-
tained results show however some differences. In acetonitrile the
Nilered SE immediately appears after excitation, rising faster than
in compound 2 (see Figure 6.24A and 6.24B). The negative band
is initially much broader than what observed both for compound 2
and 3 excited at 470 nm. On a few picoseconds timescale however
the SE loses some intensity and becomes similar in shape to that
observed with blue excitation. At lower wavelength three positive
bands respectively peaked at 440, 500 and 560 nm are observed.
The positive feature at 500 nm is not observed in both compounds
3 and 2 when excited at 470 nm (and in compound 2 if excited at
560nm), while the other two bands are attributable to ESA features
of the Nilerd chromophore since are present both in compounds 2
and 3 upon 470 nm excitation. On the long timescale the transient
spectra become similar to those measured by exciting both com-
pound 2 and 3 at 470 nm.

By applying global analysis to these transient data three compo-
nents are obtained: a fast 0.8 ps component, an intermediate 18
ps component and a much longer 2.0 ns component. As already
observed, at short timescales the dynamics of the system shows a
fast decay phase for the initially detected SE. The SE band, initially
peaked at ca 600 nm, substantially decreases in intensity on the blue
side in less than 1 ps, resulting in a sharper band peaked at 620
nm (black to red evolution in Figure 6.25). On the same timescale
a positive feature at 500 nm grows. The final spectral component,
living 2 ns coincides with that obtained by exciting Compound 3
at 470 nm, which is itself very similar to that obtained by exciting
the acceptor molecule (compound 2) at the same wavelength. In
chloroform the situation is similar. Also in this case we observe an
instantaneous rise of the Nilered SE band and absorption features
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Figure 6.24: (A) Transient spectra recorded at selected time delay
obtained by exciting compound 3 with a 580 nm pulse in acetonitrile;
(B) Comparison of the kinetic trace at 620 nm measured for Compound
3 excited at 580 nm (black line); Compound 3 excited at 470 nm (red
line); Compound 2 excited at 470 nm (green line)
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Figure 6.25: EADS obtained by global analysis of the kinetic traces
recorded by exciting compound 3 at 580 nm

on the 450-500 nm spectral range rising on a few picoseconds time
scale (see figures of spectral profile, EADS and time traces in Fig-
ure 6.26).

The spectral features observed upon excitation at 580 nm sug-
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Figure 6.26: (A) Transient spectra recorded at selected time delay
obtained by exciting compound 3 with a 580 nm pulse in chloroform;
(B) EADS obtained by global analysis of the kinetic traces recorded by
exciting compound 3 at 580 nm; (C) Comparison of the kinetic trace
at 620 nm measured for Compound 3 excited at 580 nm (black line);
Compound 3 excited at 470 nm (red line); Compound 2 excited at 470
nm (green line).

gest that in compound 3, dissolved in chloroform or acetonitrile,
there is some electronic interaction between the donor and accep-
tor molecules so that the spectra obtained by exciting the acceptor
moiety in the complex are different with respect to those obtained
by exciting the isolated acceptor. The absorption features appear-
ing at about 500 nm could possibly reflect a certain amount of
back energy transfer from the excited acceptor towards the donor.
In acetonitrile, the transient spectra of compound 1 show a fea-
ture around 500 nm which could correspond to that observed when
compound 3 is excited at 580 nm. In the isolated donor spectra
the transient signal is negative at 500 nm due to the presence of
bleaching and SE but, considering that in case of energy transfer
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from the acceptor to the donor molecule the bleaching signal of the
acceptor would not appear, such a feature could well account for
the positive band rising on a few ps timescale in compound 3 upon
red excitation (Figure 6.27).

It has to be pointed that even if there is some energy transfer from
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NDB 2*°=480

AO.D.
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Figure 6.27: Back energy transfer process

the acceptor towards the donor, at longer time delays the energy
goes back to the acceptor, since the signal measured on the long
time scale for compound 3 is the same independently on the exci-
tation wavelength.

Concerning compounds 4 and 5, the analysis of their transient ab-
sorption spectra and kinetic traces demonstrated a very small sol-
vent dependence. In both cases, in fact, the chromophores are kept
at substantial distance, being linked on the two opposite sides of
the calix scaffold. The comparison between the kinetic traces mea-
sured at the maximum of the acceptor SE band in compound 4 and
5 in the three analyzed solvents is reported in Figure 6.28. As it can
be noticed there is not a great variation and all the systems behave
similarly to what observed for compound 3 in DMSQO. The kinetic
parameters obtained for compound 3, 4 and 5 by global analysis
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Figure 6.28: Kinetic traces measured at the maximum of the acceptor
SE band in the three solvents for (A) compound 4 and (B) compound 5

Compound 3
Solvent ‘ 71 (ps) 72 (ps) 73 (ns)
Acetonitrile 0.6 15 2.0
Chloroform 2.0 17 1.8
DMSO 4.0 59 4.5
Compound 4
Solvent \ 71 (ps) T2 (ps) 73 (ns)
Acetonitrile 1.5 29 4.5
Chloroform 2.3 27 4.5
DMSO 2.9 57 4.6
Compound 5
Solvent \ 71 (ps) T2 (ps) 73 (ns)
Acetonitrile 14 29 4.2
Chloroform 2.3 35 4.1
DMSO 2.6 52 4.8

Table 6.5: Kinetic parameters extracted from global analysis for com-
pounds 3, 4 and 5
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6.2.3 Conclusions

These measurements confirm the presence of an efficient EET

process. In particular steady state measurements have shown a
small coupling between the two chromophores systems but the high
values of emission QY have confirmed the efficiency of the process.
Furthermore from the emission quenching of the heterodimer with
respect to the reference donor compound, it has been possible to
obtain an estimate of 98% in the compound 3 and nominally in the
compounds 4 and 5 of the EET efficiency. These results are strongly
influenced by the conformation of the assemblies and consequently
by the nature of the solvents.
The transient absorption analysis has shown three different decay
components in both references and binary compounds. The EET
transfer times achieved from the global analysis show a strongly
dependence by the nature of the solvent with a shorter time of
few hundred of femtoseconds in acetonitrile and longer times of
few picoseconds in chloroform and DMSO. Furthermore by passing
from the free to the assembled system it is possible to observe the
decreasing of the decay time of the acceptor due to the presence
of further deactivation pathways and by retrodonation processes.
Further information about the EET process will be developed in
the future by molecular simulation calculations.
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