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’Begin at the beginning,’ the King said, very gravely,
’and go on till you come to the end: then stop.’

Alice’s adventures in Wonderland

Lewis Carroll
(1832-1898)

Just because something doesn’t do what you planned it to do
doesn’t mean it’s useless.

Thomas A. Edison
(1847 - 1931)
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Introduction

Research on π-conjugated polymer began in the early 1960s with studies on
the electronic properties of small molecules [1]. Since then, the understanding
of the physical processes underling their properties greatly improved while new
capabilities, such as conductivities approaching that of copper [2] and electro-
luminescence [3], were discovered. Conducting and semiconducting polymers
are nowadays available and capture the interest of electronic and optoelec-
tronic industries. Most of the attractive features that make organic materials
appealing for devices design are related to their mechanical properties and
process-ability. Solubility in common solvents and tunability of light emission
allowed the low-cost fabrication of bright light-emitting diodes [3,4] large area
flexible transistors [5,6] and displays and photovoltaic devices with efficiencies
approaching 5% [7–9].

Conjugated polymers owe their peculiar characteristics to the delocaliza-
tion of π electrons along the chain backbone. Many of electronic and optical
properties of these materials can thus be ascribed to their intrinsic 1D na-
ture. Nonetheless, interactions between adjacent chains play a crucial role.
Form a physical point of view, when chain proximity cannot be neglected,
these low dimensionality systems (where only intra-chain interactions are rel-
evant) are turned into a 3D solid, with dramatic consequences on their optical
and charge transport properties. Indeed, inter-chain interactions can improve
charge transport and charge generation efficiency, while, on the other hand,
they might play a role in photoluminescence quenching of thin films with re-
spect to solutions. It is thus obvious that the formation and nature of inter-
chain species are critical issues for device design and optimization.

Nonetheless, a clear description of the role of inter-chain interaction on the
primary photoexcitations of polymers in the solid state, such as aggregates
formation, charge transport and exciton migration, is still lacking. A wide
variety of possible species (labeled as excimers [10–12], aggregates [13, 14],
polaron pairs [15, 16], and exciplexes [10]) has been proposed to explain the
differences between the optical spectra of dilute solutions (where excitations
are expected to have an intra-chain character) and thin films. However, despite
the general consensus that the primary photoexcitations in dilute solutions are
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intra-chain singlet excitons [17–20], the nature of the elementary species in
films is still widely debated [21]. For instance, estimations of the fraction of
photoexcitation that result in inter-chain species range from practically zero
[22] to 90 % [23]. One controversy in particular, concerns the underlying
mechanism of charge carrier photogeneration in MEH-PPV films, where, along
with the photo-induced band of the singlet excitons, a relatively weak transient
band in the mid-IR spectral range is instantaneously generated.

Many of the contradictions between literature data are originated by the
strong dependence of the photo-generated species on the peculiar film morphol-
ogy. Indeed, variations of the optical properties depending on the processing
history (choice of the solvent or thermal annealing) of both the film and the
solution from which it is cast do not allow a straightforward rationalization.
A study of the influence of chain conformation and film morphology on inter-
chain interactions, providing an interpretation that ”heals” these discrepancies,
is presented in [24].

Furthermore, el-ph coupling is not negligible in weakly ordered systems such
as polymers [25], leading to an overall broadening of the electronic and vibronic
transitions. The order of the system is a crucial parameter to disentangle
between intra- and inter-molecular contribution. Single crystal represent the
optimal system to investigate the role of inter-chain interactions but only a few
molecular semiconductors are available in this form [26]. In general, disorder
intrinsic to π-conjugated systems masks their fundamental properties, affecting
the distribution of conjugation lengths and molecular weights, as well as the
presence of unreacted monomers and catalyst residual. It is thus clear that
a detailed study of inter-chain interactions requires a careful choice of the
investigated system.

The ways of tuning inter-chain interactions are manifold. The distance be-
tween chains can be varied chemically, by substitution of the side groups, or
with a control of the supra-molecular structure of the polymeric system, which
gives rise to different physical-chemical properties related to the specific pack-
ing. A powerful tool to modulate intermolecular interactions in π conjugated
systems without changing its chemical structure is the application of a hydro-
static pressure. This is done by means of a diamond anvil cell, which allows
optical investigations of the pressure-induced changes in the material proper-
ties. When intermolecular distances are varied by an applied pressure, several
effects occur simultaneously: the polymer chains are planarized, therefore in-
creasing the conjugation length, and intra- and inter-molecular interactions
are enhanced. Furthermore, due to disorder intrinsic to organic systems, the
role of electron-phonon coupling cannot be discarded, and must be taken into
account for a full understanding of inter-chain interactions.

The study of inter-chain interactions in PPV-based materials is particu-
larly interesting both from a physical point of view, and for applications to
device design. Two polymers belonging to this family were investigated in
the present work, namely poly-p-phenylene vinylene (PPV) highly oriented
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by tensile stretching, and its soluble derivative poly (2-methoxy, 5-(2’-ethyl)-
hexyloxy) paraphenylene vinylene (MEH-PPV). Besides being a model system,
the high crystallinity of stretch oriented PPV proves to be an ideal playground
to unravel inter- and intra-molecular effects. On the other hand, MEH-PPV, is
a well known material, widely used in organic optoelectronics due to its bright
emission. Thus, the influence of inter-chain interaction on PL quantum yield
and charge photogeneration efficiency is not only an academic issue, but has
also implications on devices performances.

This thesis is organized as follows. Chapter 1 contains a general back-
ground on π-conjugated polymers. Their electronic properties are introduced
and first discussed in the framework of 1D models. Intermolecular interactions
are then included and a 3D model based on a tight binding approach is pre-
sented. Eventually, the optical processes occurring in π-conjugated systems
are reported.

Chapter 2 illustrates the materials studied in this work and the experi-
mental techniques used to characterize them. A brief introduction to diamond
anvil cells is given, before the specifications of the two different cells used in
this work are discussed. Raman, reflectance and transmittance spectroscopy,
which were used to study highly oriented PPV are described. Steady state and
transient pump/probe experiments for MEH-PPV are then presented. Each of
the measurements here described was performed for different applied pressure,
so the DAC was combined with every set up described.

Chapter 3 is devoted to the study of inter-chain interactions in thick, highly
oriented poly(p-phenylene-vinylene) (PPV). Raman, reflectance and transmit-
tance spectroscopy under applied hydrostatic pressure are presented and dis-
cussed. Raman spectra allow to infer important information on the geometrical
changes of the polymer induced by pressure. These results, together with re-
flectance spectra, allow to clarify the role of inter-chain effects, though electron-
phonon coupling cannot be discarded. Furthermore, R spectra are analyzed in
the frame of an optical model developed to take into account diamond birefrin-
gence. The parallel and perpendicular components of the dielectric constant
are also derived with a parametric procedure and their behavior as a function
of pressure is studied. These findings are compared to the pressure dependence
of the parameters used to obtain the anisotropic dielectric function. Finally,
an analysis of the oscillator strengths for both polarizations is presented.

Chapter 4 deals with pump/probe spectroscopy of MEH-PPV under ap-
plied pressure. Room and low temperature steady-state spectra are presented
and discussed. Continuous-wave photoinduced absorption spectra allow to
probe the pressure dependence of long-lived species such as triplet exciton
and trapped polarons. Information on the lifetime of the triplet excition as
a function of pressure can also be gained by the frequency dependence re-
sponse. Finally,the primary photoexcitation in MEH-PPV and their behavior
as a function of pressure were recorded using an ultrafast two color laser system
combined with a diamond anvil cell. Polaron generation and singlet exciton
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transition were measured with a time resolution of 150 femtosecond in the IR
spectral region with a probe energy ranging from 0.28 to 1.10 eV.

Finally, concluding remarks are given in the last Chapter, together with a
hint for future work.
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Chapter 1
Background

This Chapter is meant to be a general introduction on π-conjugated polymers.
After a brief overview on their electronic and optical properties, a few theo-
retical models are discussed. 1D models based on a tight-binding approach are
described starting with the simplest case of non interacting electrons in a fixed
nuclear configuration. A model explicitly including electron-phonon coupling
is then presented, which allow to introduce the elementary photoexcitations.
Although 1D theories account for the major features of π-conjugated polymers,
they fail to describe the complex interactions between chains in the solid state,
where the effect of chain proximity has to be taken into account. Among the
many 3D theories that have been developed, an extension of the tight-binding
method is presented and the theoretical findings of recent 3D models are men-
tioned. Finally, optical processes occurring in π-conjugated polymers are de-
scribed in the last section.

1.1 π-conjugated polymers

Since their discovery, conjugated polymers attracted much interest due to their
peculiar electronic and mechanical properties. In their neutral form, these
polymers are semiconducting, with a typical optical gap of about 2 eV. How-
ever, upon doping, they behave as metals, with electrical conductivities ap-
proaching that of copper. Conducting polymers were first demonstrated in
1977 by Heeger, McDiarmid, and Shirakawa [2, 27], who were awarded the
Nobel prize in Chemistry in 2000. Light emitting properties of phenyl-based
organic semiconductor, shown in the 90’s [3], also contributed to the great
attention towards the field of organic materials payed by physicists, chemists,
and industries.

From a fundamental point of view, the unique properties of conjugated
polymers rely on the π-electrons delocalization along the backbone chains.
Thus, owing to the strong intra-molecular interactions, they behave as quasi-
1D systems, with electronic wave function typically localized on a single chain.
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Figure 1.1: Chemical structure of common conjugated polymers.

This quasi-1- dimensionality implies that electron-electron interactions are
weakly screened and as a consequence bound states between electrons and
holes (excitions) are formed. Moreover, electron-lattice coupling is not negli-
gible and also contributes to determine the character of the electronic states.

The processing advantages of this class of materials gave rise, over the
past 30 years, to a huge variety of applications. Control on the chemical
structure allows to include suitable functional side groups, obtaining materials
that emit and absorb in a wide spectral range [28]. Besides tailoring the optical
properties, side groups provide solubility, which is conveniently exploited in the
fabrication of low cost and flexible large area devices, ranging form photovoltaic
devices [9,29,30] to light emitting diodes [3,4] and filed effect transistors [5,6,
31].

The peculiar characteristics of organic materials are deeply related to their
supramolecular structure [24]. Both the physical conformation of the chains
and the way they pack together determine the optical and electronic prop-
erties of π-conjugated systems. The control of chain conformation (different
morphologies can be obtained varying the procedure used for the synthesis) is
thus a crucial issue not only for the design of efficient organic-based devices
but also for a deep understanding of the photophysics of π-conjugated systems.

The chemical structure of the most common π-conjugated polymers is
shown in Figure 1.1.

8



1.2. Electronic and optical properties of
π-conjugated polymers

sp2 hybridization

(methane)

sp3 hybridization

(benzene)

sp hybridization

(ethyne)

Figure 1.2: Hybrid molecular orbitals of acetylene (sp), benzene (sp2), and
methane (sp3). Green: s atomic orbital; yellow: σ molecular orbital resulting
from the mixing of 2s, 2px, and 2py; blue: π molecular orbital originating form
the overlap between pz orbitals. Adapted from [32].

1.2 Electronic and optical properties of

π-conjugated polymers

Conjugated polymers are carbon-based macromolecules where valence elec-
trons are delocalized along the backbone chains. Since these materials owe
their peculiar properties to delocalization, we briefly review the types of bond-
ing between C atoms.

In the ground state, carbon atoms have 4 electrons with configuration
2s22p1

x2p
1
y. In a bonding, these s and p atomic orbitals are hybridized to form

spn orbitals. There are three types of spn hybridization: sp hybridization,
found in linear molecules such as ethyne (Figure 1.2); sp2 hybridization, typ-
ical of planar molecules such as ethylene, benzene (Figure 1.2) and graphite;
and sp3 hybridization, characteristic of three dimensional structures such as
methane (Figure 1.2), ethane or diamond. Molecules with sp3 orbitals are
known as saturated, since every carbon is bond to 4 neighboring atoms.

Conjugated polymers are typically sp2 hybridized (unsaturated). Three
hybrid orbitals (σ orbitals) for each carbon atom originate form the mixing of
2s, 2px, and 2py, and lie in the plane of the molecule. The remaining 2pz (or

9



1. Background

π) orbitals accommodate the unpaired valence electrons. These orbitals are
perpendicular to the molecule and overlap to form π bands. It is thus possible
for the π-electrons to delocalize or conjugate throughout the molecule, as shown
in Figure 1.2 for benzene. The different orientation between σ and π bonds can
be exploited to separate the wavefunction describing their respective molecular
orbitals. While the overall shape of the backbone is determined by σ bonds,
the delocalization of π-electrons is responsible for the electronic properties of
these materials, as we shall see in the following Sections.

1.2.1 Symmetry and ordering of the excited states

Optical properties of π-conjugated polymers such as fluorescence or electrolu-
minescence are deeply related to the symmetry of the molecular wave functions.
To illustrate this point, let us consider the simple example of polyenes [1].

Polyenes (C2nH2n+2) are linear chains of CH units with sp2 hybridization
of pz atomic orbitals. The symmetry of such a polymer is described by the
point group C2h [33,34] and the electronic wave functions are classified on the
basis of their inversion and rotation properties. If the orbitals change (don’t
change) sign under inversion at the symmetry center they are dubbed as u
(g); they are denoted with b (a) if they change (don’t change) sign under 180◦

rotation around the symmetry axis. The atomic 2p-orbitals change sign under
reflection in the symmetry plane, so p-electron orbitals are only au or bg

1.
The wave function describing the electronic states of a polyene chain is

still distinguished by its g or u character, but now the inversion properties are
denoted with capitol letters A or B. The π-electron states in polyenes can then
have either Ag or Bu symmetry according to:

au ⊗ au = bg ⊗ bg = Ag

au ⊗ bg = bg ⊗ au = Bu

(1.1)

Polyenes have 2n electrons, so all π orbitals are fully occupied according
to the Pauli exclusion principle and the ground state has Ag character. An
excited state might be created promoting an electron from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), as depicted in Figure 1.3. In this case the character of the excited
state is Bu. A higher energy excited state is crated either by moving two elec-
trons move from the HOMO to the LUMO or one electron to the LUMO+1,
and it will have Ag character.

It is useful to recall that many-body states are labeled as npX, where n is
the overall quantum number, p is either 1 for singlet or 3 for triplet, and X is
Ag or Bu.

Whenever electron-electron (el-el) and electron-phonon (el-ph) interactions
can be neglected (non interacting models with and without electron lattice
coupling are discussed in Section 2.4), the ordering of these excited states is:

1Wave functions have to be invariant with respect to every symmetry operation.

10



1.2. Electronic and optical properties of
π-conjugated polymers

HOMO

LUMO

Ground state: 11Ag Excited state: 11Bu Excited state: 21Ag

Figure 1.3: Symmetry of the ground and first excited states in polyenes.

11Ag < 11Bu < 21Ag. (1.2)

The energies of these configurations can be regarded as approximately equal
to the sum of the orbital energies. However, as a consequence of both el-el and
el-ph interactions, the energetic ordering of the first excited states may be
reversed:

11Ag < 21Ag < 11Bu (1.3)

The ordering of the first excited states affects the optical properties of the
material. When the Bu excited stated has lower energy than the Ag excited
state (Figure 1.4), the material is expected to show fluorescence, since the Bu

→ Ag transition is dipole allowed. This is the case of polythiophene and poly
(p-phenylenevenylene)s. Instead, if the Bu excited stated has higher energy
than the Ag excited state, then the first excited state decays non radiatively to
the ground state, due to the dipole forbidden Ag → Ag transition, and no flu-
orescence occurs. This happens for instance in the case of trans-polyacetylene
and polydiacetylenes. A complete discussion about the interplay of el-el and
el-ph coupling on state ordering is given in [25].

The emission properties of crystalline oligothiopenes (OT) with an odd
(5T) or even (4T) number of rings have been recently related to the different
point groups of their wavefunctions [35]. Selection rules imply that, for odd OT
crystals (whose symmetry point group is C2v), the transition moment of the
lowest electronic transition is perfectly aligned along the molecular axis. In this
structure, usually referred to as H-aggregate [1], the transition dipole moments
cancel and, according to Kasha’s rule, emission form the bottom of the exciton
band is quenched . For even oligomers, the C2h symmetry allows a component
of the transition dipole perpendicular to the molecular axis, requiring only
that the corresponding transition (Ag → Bu) lies in the molecular plane. In
a perfect crystal, the presence of a long-range orientational order produces a
constructive interference of this off-axis component. This gives rise to and

11



1. Background

Ag

Ag

Bu

Ag

Ag

Bu

a) b)

Figure 1.4: A different ordering of the first excited states gives rise to different
optical properties. Upon absorption of a photon (gray arrow) the polymer
fluoresces (yellow arrow) if 11Ag<11Bu<21Ag.

array of head to tail transition dipoles typical of J-aggregates [1] and allows a
low energy au transition polarized perpendicularly to the chains.

1.3 Non-interacting 1D models

Many of the properties of the electronic states in conjugated polymers can
be accounted for by 1D models. In this section we will first illustrate the
common approximations used to simplify the eigenvalue problem. We will then
introduce the Hückel model, which is a tight binding approach where both el-el
and el-ph interactions are disregarded. As a further degree of complication, the
SSH model takes explicitly into account el-ph coupling. This description allows
to introduced some of the main photoexcitations in π-conjugated systems.
Furthermore, in this framework, the case of a linear chain will be discussed, to
pave the way to the 3D treatment.

Let us consider the polymer as an infinite periodic structure, where every
site is associated with an atomic wave function. The molecular wave functions2

Ψ(r,R) must satisfy the Schrödinger equation:

HΨ(r,R) = EΨ(r,R) (1.4)

where r and R are the set of electronic and nuclear coordinates, and E is
the energy eigenvalue of the Hamiltonian. The many-body Hamiltonian H can
be explicitly separated into three contributions:

H = He−e(r) + He−n(r,R) + Hn−n(R), (1.5)

namely, the electronic part of the Hamiltonian including the electronic ki-
netic energy and Coulomb potential energy:

He−e(r) =
∑

i

p2
i

2mi

+
1

2

∑

i6=j

e2

|ri − rj| ; (1.6)

2In the following, for sake of simplicity we will neglect spin coordinates.

12



1.3. Non-interacting 1D models

the nuclear Hamiltonian, also including a kinetic energy and a potential
energy contribution,

Hn−n(R) =
∑

α

P 2
α

2mα

+
1

2

∑

α 6=β

ZαZβe2

|Rα −Rβ| ; (1.7)

and the potential energy arising from the Coulomb interactions between
the nuclei and electrons

He−n(r,R) = −1

2

∑
α,i

Zαe2

|Rα − ri| . (1.8)

Since the many-body Hamiltonian (1.5) can be solved exactly only for the
hydrogen atom, approximations are required.

A first, important approximation is the so-called Born-Oppenheimer ap-
proximation. As a consequence of the large difference between the electrons
and nuclei masses, the nuclear dynamics is expected to be slow compared to
the electron dynamics. This can be exploited to factorize the many body state
Ψ as the product of an electronic wave function ψe and a nuclear wave function
ψn associated with the electronic state:

Ψ(r;R) = ψe(r;R)ψn(R). (1.9)

Decomposing Hn−n into its kinetic Kn and potential energy Vn−n compo-
nents, the Schrödinger equation (1.4) becomes:

HΨ(r;R) = (HBO + Kn)Ψ(r;R), (1.10)

where the Born-Oppenheimer Hamiltonian is:

HBO = He−e + He−n + Vn−n (1.11)

being:

Vn−n =
1

2

∑

α 6=β

ZαZβe2

|Rα −Rβ| . (1.12)

The eigenvalue corresponding to an eigenstate of HBO, also know as adi-
abatic potential energy surface, is the effective potential experienced by the
nuclei and depends only parametrically from the nuclear coordinates R .

For a given nuclear coordinate R, the electron Hamiltonian is thus:

He = He−e + He−n(r;R). (1.13)

It is convenient to write the Born-Oppenheimer Hamiltonian in second
quantization [25]:

HBO =
∑
i,j

t̃ij(c
†
icj + c†jci) +

1

2

∑

ijkl

Ṽijklc
†
ic
†
kclcj + Vn−n (1.14)
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1. Background

where

t̃ij =

∫
ψ∗i (r)

[
p2

2m
−

∑
α

Zαe2

|Rα − r|

]
ψj(r)dr

3 (1.15)

is a one-electron integral representing the transfer integral of an electron
from the orbital ψj to the orbital ψi. The second term in Equation (1.14) is a
two-electron integral representing electron-electron interaction:

Ṽijkl =

∫ ∫
ψ∗i (r)ψ

∗
k(r

′)
e2

|r− r′|ψ
∗
l (r)ψ

∗
j (r

′)dr3dr′3 (1.16)

Equation (1.14) represents all the electronic degrees of freedom. When
considering low-energy processes it it indeed useful to introduce a further sim-
plification. For carbon-based systems a common approximation is to consider
π-electrons only (this corresponds to truncating the basis in (1.14)). This se-
vere assumption is justified by the fact that σ → σ∗ transitions lie at much
higher energies than π → π∗ excitations (10 eV versus 2-3 eV). The effect
of σ electrons is a screening of the Coulomb interactions between π-electrons
and nuclei, and of the mutual interactions of both nuclei and π-electrons.
This screening, modeled by a static dielectric function, can be embedded in
two pseudopotentials: Vp which describes the effective interactions between

π-electrons and nuclei and Veff
e−e, for the effective electron-electron interaction.

As a last simplification of the Born-Oppenheimer Hamiltonian, we will
assume the integrals t̃ij to be non zero only for electrons on the same or neigh-
boring orbital. Thus, we will assume:

t̃ii = ε and t̃i,i+1 = t (1.17)

To summarize, in the following we will derive the electronic properties of
conjugated polymers taking into account π-electrons only, within the Born-
Oppenheimer approximation, and assuming only nearest neighbors interactions
are meaningful.

1.3.1 Hückel model

The simplest model to describe the electronic properties of π-conjugated sys-
tems is a tight-binding approach [33] neglecting electron-electron interactions
and considering the nuclei as fixed. Ignoring el-el (Vijkl=0) and el-ph inter-
actions, and setting the constant nuclear coordinates to zero (Vn−n=0), the
Hamiltonian (1.14) reduces to:

HHückel = ε +
∑

i

t(c†i+1ci + c†ici+1) (1.18)

where ti are the transfer integral between two neighboring sites and εi is
the on-site energy.

14



1.3. Non-interacting 1D models

C

H

C

H

C

H

C

H

C

H

C

H

C

H

C

H

C

H

(a) Undimerized trans-CH

C

H

C

H

C

H

C

H

C

H

C

H

C

H

C

H

C

H

(b) Dimerized trans-CH

Figure 1.5: One dimensional chains of undimerized (a) and dimerized (b) poly-
acetylene

The many-body wave function φ(r,R) describing π-electrons is a product
of single-particle solutions φ, and it is made up by a linear combination of
atomic orbitals that satisfy the Bloch theorem:

ψ(r,R) =
∑
R

∑
i

Cie
ik·Rφi(r−R) (1.19)

where R is a Bravais lattice vector and Ci are the expansion coefficients
for the i -th atom.

As an example let us consider a linear 1D chain of atoms with lattice
constant a, as illustrated in Figure 1.5a for polyacetylene. The expectation
values of the Hamiltonian for such a system are [36]:

E(k) = ε± t
√

2 + 2 cos(ka) (1.20)

being

ε = 〈φi|HHückel|φi〉 (1.21)

the on-site energy, and

t = 〈φi|HHückel|φi±1〉. (1.22)

the nearest neighbor interaction energy (transfer integral).
Since there is one π-electron for each carbon atom, the π-band is half-

filled. The Fermi wave vector is k = π/2a, where a is the lattice constant,
and the first Brillouin zone boundary is at k = π/a where Eπ/a. There is
therefore no energy gap in the electronic band structure and the material is
a 1D metal. Such a metal is, however, unstable. This instability, known as
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Figure 1.6: Energy versus dimerization coordinate for an undimerized (a) and
dimerized (b) linear polymer chain and corresponding band structure [38,39].

Peierls instability [37], gives rise to an alternating single and double bonds
configuration (dimerization) which lowers the symmetry of the system. The
double-well shape of the ground state energy E as a function of the dimerization
coordinate and the corresponding band structure are shown in Figure 1.6(a).

We can now calculate the energy expectation values for the dimerized con-
figuration (Figure 1.5(b)) [25, 36]. Here there are two bond lengths, single
and double, hence two atoms per unit cell of length a. The solution of the
Schrodinger equation reduces to an eigenvalue problem with a simple 2x2 ma-
trix follows for the determination of the coefficients Ci. A non trivial solution
is obtained only if

∣∣∣∣
ε− E t1 + t2e

−ika

t1 − t2e
ika ε− E

∣∣∣∣ = 0. (1.23)

This matrix has on-site energies ε along the diagonal, and the transfer
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ui-1 ui+1

ui

Figure 1.7: Dimerization coordinate defined for trans-CH.

integral t as off-diagonal elements.

The solution to (1.40) is [25,36]:

E = ε±
√

(t21 + t22 + 2t1t2 cos ka) (1.24)

Since there are two atoms per unit cell and one electron per atom, the
lower band is completely filled, yielding a semiconductor with a band gap
∆ = 2|t1 − t2| and with a total bandwidth W = 2|t1 + t2|, as shown in Figure
1.6(b).

1.3.2 SSH model

El-ph coupling plays a crucial role in one-dimensional systems. As we have
seen when discussing the Hückel model, a linear undistorted polymer chain,
such as trans-polyacetylene in Figure 1.5, is unstable with respect to a distorted
structure 3. El-ph interaction, responsible for bond alternation in π-conjugated
polymers was first explicitly taken into account in the model developed by Su,
Schriffer, and Heeger for trans-polyacetylene [40]4.

Let us consider the displacement ui of the i-th CH group along the molecular
symmetry axis of trans-polyacetylene, as depitctd in Figure 1.7. In the SSH
model, the nearest neighbor transfer integral is expanded to first order about
its non dimerized value5:

t̃i,i+1 = t0 − α(ui+1 − ui) (1.25)

where α is the el-ph coupling constant.

The SSH Hamiltonian is the Hückel Hamiltonian (1.18) with an additional
term that takes into account lattice energy:

HSSH = He−e + Hn−n + He−n (1.26)

where:

3This is a consequence of the Peierls theorem which states that 1D metals are unstable
with respect to a lattice distortion that opens a gap at the Fermi surface.

4In the absence of lattice dynamics the SSH model is known as Pierls model.
5This means that only the normal mode that predominantly couple to the π electrons,

i.e. for polyacetylene C stretching, is considered.
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He−e = −t0
∑

i

(c†i+1ci + c†ici+1) (1.27)

describes the hopping of π-electrons to nearest neighbor sites along the
chain,

Hn−n =
∑

i

(
P 2

i

2M
+

K

2
(ui−1 − ui)

)
(1.28)

is the sum of the kinetic energy of the CH units of mass M and the elastic
energy for small displacements of σ bonds with coefficient K, and

He−n = α
∑

i

(ui−1 − ui)(c
†
i+1ci + c†ici+1) (1.29)

gives the el-ph interaction.
As a consequence of the broken symmetry of the ground state in dimerized

polyene chains, boundaries between one phase of bond alternation and another
occur (Figure 1.6(b)). These defects, known as solitons, are associated with
mid-gap electronic states, as discussed in the next Section.

1.3.3 Photoexcitations

Despite the SSH Hamiltonian neglects electron-electron and 3D interactions,
it allows to introduce some of the elementary photoexcitation in π-conjugated
polymers.

In systems such as trans-(CH)x the Hamiltonian is invariant with respect
to the exchange of single and double bond. The ground state energy per site as
a function of the dimerization parameter has thus a double minima associated
with the two possible phases of the system, as shown in Figure 1.6(a).

Domain boundaries between the two degenerate ground state configurations
are topological excitations dubbed as solitons [38–40]. The existence of such
defects, or kinks, on the chain implies an energy state in the middle of the gap
(between the HOMO and LUMO levels), that can accommodate up to two
electrons. Thus, a soliton can be either neutral or (positively or negatively)
charged, as shown in Figure 1.8.

For a neutral soliton S0, the state is singly occupied: the net charge is
Q=0, but because of the unpaired electron, it has a spin 1/2. For a positive
(negative) soliton S+ (S−), the mid-gap state is unoccupied (doubly occupied),
due to the removal (introduction) of an electron from (in) the system. So the
net charge of S+ (S−) is Q=+e (Q=-e). However, since the state is empty
(full), the spin of S+ (S−) is zero. It follows that solitons are characterized by
a reversed spin-charge as compared to electrons.

Trans-(CH)x is the only polymer that supports solitons. Instead, non de-
generate ground state systems are characterized by bound-soliton-antisoliton
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1.3. Non-interacting 1D models

Figure 1.8: Band diagrams showing the mid-gap states associated with soli-
tons and their occupation for neutral(S0) or charged (S+, S− solitons. In the
corresponding schematics, black dots represent spin while charge is indicated
with + or -.

BP-: Q = – 2e, S = 0BP+: Q = + 2e, S = 0

++ ++ – –– –

HOMO

LUMO

P+: Q = + e, S = 1/2

++

P-: Q = – e, S = 1/2

––

Figure 1.9: Band diagrams showing the mid-gap states associated with polaron
and bipolarons and their occupation. In the corresponding schematics, black
dots represent spin while charge is indicated with + or -.
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Figure 1.10: Energy levels and optical transitions of solitons, polarons, and
bipolarons. The full and dashed arrow represent allowed and forbidden transi-
tion respectively. H, S, and L are the HOMO, SOMO, and LUMO levels, and
u and g represent their symmetry.

pairs, referred as polarons and bipolarons. They are schematized for poly(para-
phenylene) (PPP) in Figure 1.9 together with their band diagrams .

The formation of polarons gives rise to two levels symmetrically displaced
about the midgap, as shown in Figure 1.9. Depending on their occupation,
polarons can be either positive or negative polaron with the usual charge-spin
relationship of Q = ±e and S = 1/2.

Similarly, a bipolaron is a bound state of two charged solitons of like charge
(or two polarons whose neutral solitons annihilate each other) with two corre-
sponding midgap levels. Since each charged soliton carries a single electronic
charge and no spin, bipolarons has charge Q = 2e and zero spin. While polarons
are possible in both degenerate and non degenerate ground state polymers,
bipolarons can be formed only in non degenerate systems. The spin-charge
relations of bipolaron are shown in Figure 1.9.

The photogeneration of solitons in degenerate ground state polymers and
of polarons or bipolarons in non degenerate ground state polymers lead to the
formation of electronic levels inside the gap. These in turn lead to the appear-
ance of subgap photoinduced absorption in optical spectra. This transitions
are schematically represented in Figure 1.10.

1.4 Correlated 1D models

Interacting electrons with fixed nuclei are described by the Pariser-Parr-Pople
model, which is the most general approximation within π-electron theories.
The Hamiltonian is given by the sum of three terms: the contribution due
to the transfer of electrons form site to site, the Coulomb interaction between
electron on the same site, and the Coulomb interaction of electrons on different
sites. This last term is expressed as [25]:
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1.4. Correlated 1D models

V =
1

2

∑

i6=j

Vij(ni − 1)(nj − 1) (1.30)

Electron-electron interactions are usually treated semi-empirically, param-
eterizing Vij as6:

Vij =
U√

1 + (Uεrij/14.397)2
(1.31)

where ε is the dielectric function (usually set equal to unity), and U is taken
to be the value of the ionization potential minus electron affinity (∼ 11 eV in
conjugated molecules).

Including el-el interaction has the important consequence of the creation of
quasi-particles, formed by a bound electron-hole pair, as discussed in the next
section.

Singlets and triplets

The wave function describing a two particle system such as an exciton (dis-
cussed in the next Paragraph) must be anti-symmetric in spin and electron
coordinates. it is simply obtained from the Slater determinant:

Ψ =
1√
2

∣∣∣∣
ψi(r)χi(σ) ψi(r

′)χi(σ
′)

ψj(r)χj(σ) ψj(r
′)χj(σ

′)

∣∣∣∣ (1.32)

where ψ(r) and χi(σ) are the electronic and spin part of the wave function,
respectively. Indicating with α and β the spin up and down projection of χ,
we can thus construct wave functions that have different total spin quantum
number S

ΨS=0 =
1

2
[ψ1(1)ψ2(2) + ψ2(1)ψ1(2)][α(1)β(2)− α(2)β(1)]

ΨS=1 =
1

2
[ψ1(1)ψ2(2)− ψ2(1)ψ1(2)][α(1)β(2) + α(2)β(1)]

ΨS=1 =
1

2
[ψ1(1)ψ2(2) + ψ2(1)ψ1(2)][α(1)α(2)]

ΨS=1 =
1

2
[ψ1(1)ψ2(2) + ψ2(1)ψ1(2)][β(1)β(2)]

(1.33)

In the non interacting limit, singlet (S=0) and triplet (S=1) states are
degenerate, but including el-el correlation lowers the triplet energy. Selection
rules determine which transitions are allowed. In particular, transitions might
occur only between states of the same spin manifold. So, Ag → Bu is allowed
but Ag → Ag is forbidden. Transition between singlet and triplet state become
allowed only if spin-orbit coupling is not negligible.

6This parametric form of intra-chain inter-site Coulomb interaction is known as Ohno
potential [25].

21



1. Background

Figure 1.11: Schematic representation of (a) small-radius Frenkel exciton and
(b) large-radius Wannier-Mott exciton. (c) intermediate or charge-transfer
exciton.

1.4.1 Excitons

An important consequence of electron-electron interaction is the formation of
bound particle-hole excitations, or excitons.

Excitons are bound states due to the Coulomb attraction between an elec-
tron excited to the conduction band and the hole left behind in the valence
band (in the case of conjugated polymer this corresponds to a π − π∗ excita-
tion).

Following the usual treatment of inorganic semiconductors, excitons in π-
cojungated polymers can be classified as Frenkel or Wannier-Mott excitons
(Figure 1.11).

When the electron and hole are tightly bound, the resulting exciton is
strongly localized and is known as Frenkel exciton. The Frenkel exciton can
be regarded as a correlated electron-hole pair that is located on the same
molecular site and moves as a unit through the crystal lattice. Its radius,
that is the average separation between the electron and the hole, is thus small
(<5Å) compared to the intermolecular spacing (Figure 1.11a). The binding
energy of such an exciton is of the order of 1 eV, and the associated energy
states lie well within the band gap. Although a Frenkel exciton is essentially
an excited states of a single molecule, the excitation can hop from one molecule
to the other by virtue of the coupling between neighbors.

At the other extreme, the radius of the excition can be much larger than
the intermolecular separation (40-100Å, Figure 1.11b). Such a weakly local-
ized, loosely bound exciton is called Wannier-Mott exciton and has a binding
energy of less than 50 meV. The energy levels associated with Wannier-Mott
lie very close to the gap and resemble the Rydberg series of the hydrogen
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atom. Wannier-Mott excitons are more common in inorganic systems where
the interaction energy is great and the dielectric constant is high.

In organic systems, the nature of the lowest energy transition (whether it
is due to free carrier absorption or to tightly bound excition absorption) is
widely debated. For instance, experimental values currently reported for the
binding energy of PPV range from 0.2-0.5 eV [41, 42] to around 1 eV [43, 44]
and a value of less than 0.1 eV is also proposed [45]. These values correspond
to spatial extension varying form a single monomer (Frenkel-like exciton) to
many repeating units (Wannier-like exciton).

Theoretical studies for anthracene [46] showed that the lowest absorption
transition can be generated either by strongly bound excitons (with a binding
energy of 0.64 eV) or by a free electron-hole pair, depending whether the
polarization direction is perpendicular or parallel to the chain axis.

In the intermediate situation, the electron and the hole could be located
on nearest neighbor sites, while still forming a bound pair, leading to the
formation of charge-transfer excitons (Figure 1.11c).

1.5 3D models: the role of inter-chain

interactions

So far, we discussed the properties of π-conjugated polymers in the framework
of 1D models, with or without el-ph coupling. The long polymer chains can
indeed be thought as one-dimensional systems, and, as we have seen, the main
properties of these materials can be ascribed to the mobile π-electrons moving
along the polymer backbone. In this picture, the elementary photoexcitations
are intra-chain species [47,48].

Nonetheless, isolated chain models are not enough to describe the properties
of solid state organic materials. Interactions between adjacent chain proved to
influence absorption and emission (being detrimental for light emitting devices
REF) as well as transport properties REF. It is thus clear that a complete
description of the physics underlying optical and electronic phenomena in π-
conjugated systems must include inter-chain coupling. In these scenario, new
inter-chain photoexcited species are formed as an effect of chain proximity,
such as excimers, polaron pairs and exciplexes.

Since conjugated polymers are inherently disordered systems, it is often
complicated to distinguish between intra- and inter-molecular effects. An un-
derstanding of the role of inter-chain interactions is thus strongly influenced
by chain conformation and film morphology. A review on how inter-molecular
interaction are affected by the specific packing of the polymer chain is given
in [24].

In the following we will first introduce some of inter-chain species formed
upon photoexcitations. Then a few models explicitly taking into account the
effect of side chains will be presented. As an extension of the theories pre-
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viously described, a 3D tight binding approach will be discussed where the
dipole moment is expressed as a function of the hopping integral for the direc-
tion perpendicular to the polymer chains. Recently, ab intio calculations were
performed to derive the optical and electronic properties of crystalline organic
semiconductors. We will discuss the predictions of these models concerning
mainly the effect of inter-chain interactions on optical spectra.

1.5.1 Inter-chain photoexcitations

A variety of inter-chain species are generated when two adjacent chains interact
with each other.

Excimers are dimers that exist only in the excited state. They are formed
when two neighboring polymers share their π-electrons equally in the excited
state but not in the ground state [10, 49]. These emissive excited state com-
plexes have a dissociative ground state, that is, the ground state of the dimer
spontaneously dissociates into two ground-state molecules. Furthermore, the
excimer cannot be directly excited optically. Instead, an intramolecular singlet
exciton is photoexcitation that later delocalizes over two molecules, forming
the excimer. Excimer formation is accompanied by a strong geometric distor-
tion along the intermolecular axis that, when combined with the dissociative
nature of the ground state, leads to featureless, strongly Stokes-shifted emis-
sion of films in comparison to dilute solution. Excimer formation was observed
in PPV-based films [11], leading to quenching of luminescence, due to their
large non radiative decay in this polymer.

While excimers exist only in the excited state, interchain interaction may
also lead to ground-state interactions, with formation of aggregate states [1].
Upon aggregation, both the ground- and excited-state wave functions are delo-
calized over several polymer chains. The aggregate is therefore directly acces-
sible spectroscopically. The existence of this species was suggest in ladder type
polymers [14] and poly-pyridine films [13]where it appears to be detrimental
for PL efficiencies, as is evidenced by the reduced efficiencies of film samples
as compared to solution.

Upon excitation of strongly interacting chains, charge transfer can occur,
leaving a positive polaron on one chain and a negative polaron on the other.
This charge-separated inter-chain species are known as polaron-pairs [15,16].

Inter-chain excited states, labeled exciplex, can also be formed when an
unequal sharing of π-electron density between chains or a partial degree of
charge transfer occur [10,50].

1.5.2 Extended tight-binding model

A relatively simple model that takes into account inter-chain interactions was
developed in [51] to account for both the dispersion of the real and imagi-
nary part of the dielectric constant and pump polarization anisotropy of trans-
polyacetylene (trans-CHx). This model is an extension of the tight-binding
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model and provides an analytic expression for the dipole moment components
as a function of a single parameter, namely the inter-chain hopping integral
t⊥.

Trans-CHx has a herringbone crystal structure, with two staggered chains
per unit cell. According to the Block’s theorem the wave function of the π
electron can be written as

Φsk(r) = eik·rusk(r) (1.34)

where u is the periodic part, k is the wave vector of the vertical optical
transition and s is the site on the chain.

Due to dimerization, the polymer chains acquire a zig-zag structure. As-
suming planar zig-zag chains, the electronic transition moment can be written
as:

Mss′(k) =
i

V

∫
u∗s′k(r)∇kusk(r)d

3r (1.35)

where V is the volume of the unit cell.
Considering N unit cells in the crystal and taking into account only interac-

tions of the π electron on the site s with its nearest neighbors, we can express
the wave function as a linear combination of atomic orbitals belonging to the
two non equivalent chains in one unit cell:

Φsk(r) = N1/2

Nx∑

l=1

Ny∑
m=1

Nz∑
n=1

eA(l,m,n)B(l,m, n) (1.36)

where N = Nx ×Ny ×Nz is the total number of unit cells, and

A(l,m, n) = ik · [(l − 1)aex + (m− 1)bey + (n− 1)cez] (1.37)

being a,b, and c the dimensions of the unit cell along the axes x, y, and z.

B(l, m, n) = Csk
1 φ4l−3,4m−3,4n−3 + Csk

2 φ4l−2,4m−2,4n−2

+ Csk
3 φ4l−1,4m−1,4n−1 + Csk

4 φ4l,4m,4n

(1.38)

The x component of the dipole moment can be expressed as:

Mx
ss′(k) =

4∑
p=1

[
Cs′∗

p Cs
pxp + Cs′∗

p

∂

∂kx

Cs
pxp

]
(1.39)

Similar expressions hold for y and z directions. Considering only inter-chain
interactions between neighboring chains along the x direction.

If only the interaction with the closest chain along the x axis is considered,
we are left with a 2x2 equation of the form:

∣∣∣∣
ε t1 + t2e

−ikzc + t⊥e−ikxa

t1 + t2e
−ikzc + t⊥e−ikxa ε

∣∣∣∣ = 0. (1.40)
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where t1 and t2 indicate the intra-chain transfer integral along the single
and double bonds, respectively, and tperp is the inter-chain transfer integral.

The inter-chain and intra-chain components of the transition moment can
be eventually expressed as:

M⊥
cv(k)inter =

a

4ε2
[ε2 − ε2

0 − t⊥]

M⊥
cv(k)intra =

c

4
√

3

(1.41)

From these expression the optical response function can be calculated using
the results that will be derived in Section 2.6. In particular, the electronic
susceptibility of the π electron in a conjugated polymer is:

χπ(ω) =
4e2

(2π)3

∫

BZ

d3k

[ |Mcv(k)|2
εcv(k)− ~ω − i~Γ

+
|Mcv(k)|2

εcv(k) + ~ω + i~Γ

]
(1.42)

1.5.3 Other 3D models

Focusing mainly on the influence of inter-chain interactions on the optical
properties of π-conjugated systems, in the following we will summarize some
of the theoretical findings obtained in recent years. Their predictions will also
be compared, if possible, with the experimental results reported in Chapter 3
(and 4).

Ab initio calculations of the impact of inter-chain coupling on the opti-
cal properties of reference materials are typically performed through density
functional theory in the local density approximation.

Calculations performed on both isolated chains and the crystalline phase
PPV (characterized a herringbone structure) [52] predict a decrease of the
exciton binging energy in the solid state with respect to the single chain picture
(0.2-0.3 eV versus 0.6-0.7 eV). Strongly bound excitons were also found for
trans-CH isolated chains, with binding energies of the order of 0.5 eV, while
in the crystalline arrangement it is drastically reduced to 0.05 eV [53]. This
is attributed to the screening of the electron-hole interaction, which is more
efficient in crystals, and to the spread of the electron and hole pair over several
neighboring chains in the crystalline phase. Both effects increase the average
distance between the electron and the hole and thereby reduce the exciton
binding energy. Due to inter-chain interactions and crystal symmetry the
lowest electronic excitation in crystalline PPV is a dark exciton and as a result
photoluminescence can be strongly quenched [52]. Though preserving a quasi
1D character, these states strongly depend on inter-chain coupling and crystal
structure, as shown for polythiophene crystals [54]. The Davydov splitting
between excitonic states arising form the specific crystal symmetry is strongly
dependent on inter-chain interaction. For crystalline PPV it was calculated
that an increase of 20% in the interchain distance in the π-stack direction
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leads to an increase in the binding energy (to 0.4 eV) and a drastic decrease
in the Davydov splitting by an order of magnitude, thus restoring radiative
efficiency.

Transport parameters calculated with the same first principle method [55]
for two typical morphologies shown by PPV (herringbone-PPV and displaced
π stacks-MEH-PPV) allow to predict the effect of interchain interactions in
specific packing environments. It is interestingly found that the transfer inte-
gral is 1 order of magnitude larger for π stacks in the stacking direction than
for herringbone packing, showing that 3D arrangement can be indeed crucial
in the design of materials with efficient transport properties.

The effect of an applied pressure, that is a reduction of intermolecular
distances with a subsequent enhancement of inter-chain interactions, was sim-
ulated for crystalline anthracene [46]. The calculated imaginary part of the
dielectric constant showed that the lowest absorption peak can be generated
either by strongly bound excitons or by a free electron-hole pair, depending
whether the polarization direction is parallel to the short or to the long molec-
ular axis. An increase of band dispersion due to the overlap of teh wave
functions between neighboring chains and band splitting has been obtained,
resulting in a band gap reduction and consequently a redshift and broadening
of the optical absorption peaks.

1.6 Optical processes

So far, we presented an overview of the main theories of electronic states in
conjugated polymers. In the following, some of the important optical processes
will be described with the aim of connecting the previous theoretical findings
to the experimental results presented in the next Chapters. We will first recall
useful a expression relating the dielectric constant to the refractive index, and
we will introduce the Kramers-Kronig relations for the real and imaginary part
of the dielectric function. Eventually, an expression for the reflection and trans-
mission coefficients will be given. The processes of absorption and emission
will be then discussed allowing to introduce the Franck-Condon principle

1.6.1 Interaction of light with the medium

Electromagnetic waves interacting with a non magnetic and neutral medium
are described by Maxwell’s equations (cgs units) [56]:

∇× E = −1

c

∂H

∂t
∇ · E = 0 (1.43a)

∇×H =
ε

c

∂E

∂t
+

4πσ

c
E ∇ ·H = 0 (1.43b)
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where E and H are the electric and magnetic field, respectively, and σ and
ε are the conductivity and dielectric constant of the medium.

The electric field E induces a polarization P (dipole moment per unit vol-
ume), which is due to the redistribution of positive and negative charges. In
general the i-th component of P can be expressed in terms of the electric field
components by a power series of the form:

Pi =
∑

j

χijEj +
∑
i,j

γi,j,kEjEk (1.44)

For isotropic media, a linear approximation can be made, and we can as-
sume that

P = χE (1.45)

where χ is the electric susceptibility.
Equations (1.43) allow plane wave solutions for the electric and magnetic

field, which can be written as:

E(r, t) = E0e
i(q̂·r−ωt) (1.46a)

H(r, t) = H0e
i(q̂·r−ωt) (1.46b)

where r is the position vector, ω is the frequency, E0 is the wave amplitude
and q̂ is the wave vector. As we will show, in order to account for both
energy dissipation and wave propagation, the wave vector has to be a complex
quantity.

Manipulating Equation (1.43) and using the vector identity

∇× (∇× E) = ∇ · (∇ · ∇)−∇2E (1.47)

it is possible to obtain the wave equation for plane waves propagating in
an energy absorbing medium

∇2E =
∂2E

∂t2
+

4πσ

c2

∂E

∂t
(1.48)

Then, inserting Equation (1.46) into (1.48), we can define a complex wave
vector, hence a complex refractive index of the medium trough the relation

q̂ =
ω

c
n̂ =

ω

c
(n + ik) (1.49)

Now Equation (1.46) for the electric field can be re-written as

E = E0e
−ω

c
k·rei(ω

c
n·r−ωt) (1.50)

The first exponential describes the the attenuation of the wave amplitude
with distance. The second exponential in Equation (1.50)is related to the
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imaginary part of the wave vector and describes a wave traveling with phase
velocity c/n, hence the identification of n as the refractive index.

A complex wave vector implies a complex susceptibility:

χ = χ1 + iχ2 (1.51)

which means that the electric field E and the polarizability P are non in
phase. Similarly we can define a complex dielectric function ε = ε1 + iε2 that
relates the electric field to the displacement D:

D = E + 4πP = εE = (ε1 + iε2)E (1.52)

and a complex conductivity that relates the electric filed to the current

J = σE = (σ1 + iσ2)E (1.53)

Inserting Equations (1.46) into (1.43) the Maxwell’s equations become:

q× E =
ω

c
q · E = 0 (1.54a)

q×H = −ω

c
εE q ·H = 0 (1.54b)

Form these equations it is clear that q, E, and H must be mutually per-
pendicular.

Using the equality:

ε̂ = ε1 + iε2 = n̂2 (1.55)

useful relationships relating the components of the dielectric function to
those of the refractive index can be obtained

ε1 = n2 − k2 ε2 = 2nk (1.56a)

n =

√
1

2

√
ε2
1 + ε2

1 + ε1 k =

√
1

2

√
ε2
1 + ε2

1 − ε1 (1.56b)

ε1 and ε2, as well as n and k, are not independent quantities, but they are
related, as we shall see in the following Section, by dispersion relations.

Finally, the absorption coefficient α can be easily expressed in terms of the
imaginary part of the refractive index k as follows.

The absorption coefficient which describes the fractional decrease in inten-
sity with distance, is given by

α = −1

I

dI

dr
(1.57)

where I is the intensity. Since the intensity is proportional to the square of
the wave amplitude, from Equations (1.46) and (1.56) we find that:
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α = 2ωk/c = 4πk/λ (1.58)

where λ is the wavelength of light in the vacuum.

1.6.2 Kramer-Kronig dispersion relations and sum rules

A dispersion relation is an integral formula relating a dispersive process to an
absorption process. In general, dispersion relations follow rigourously form the
requirement of causality. The dispersion relation that can be derived for a
linear system are quite general and apply also for the real and imaginary part
of the complex dielectric constant. Form Equations (1.45) and (1.52) we can
derive the relation between polarization and electric field

ε̂− 1 = 4π
P

E
(1.59)

which of course obeys to the causality principle (no polarization can be
induced before an electric field is applied). The dispersion relations for ε1 and
ε2 are known as Kramers-Kronig relations [56]:

ε1(ω) = 1 +
2

π
℘

∫ ∞

0

ω′ε2(ω
′)

(ω′)2 − ω2
dω′ (1.60a)

ε2(ω) = −2ω

π
℘

∫ ∞

0

[ε1(ω
′)− 1]

(ω′)2 − ω2
dω′ (1.60b)

where ℘ is the principal part of the integral. Form the Kramers-Kronig
relations (1.60) it is possible to derive a sum rule for solids. Equation (1.60b)
can be written as:

ε1(ω)− 1 =
2

π
℘

∫ ωc

0

ω′ε2(ω
′)

(ω′)2 − ω2
dω′ +

2

π
℘

∫ ∞

ωc

ω′ε2(ω
′)

(ω′)2 − ω2
dω′ (1.61)

where ωc is a cut-off frequency such that there is no absorption at higher
frequencies (ε2 = 0 for ω > ωc). If we want to determine ε1 for ω À ωc, then
we can neglect ω′ in the denominator of the first integral in Equation (1.61).
The second integral is zero because we set ε2 = 0 for ω > ωc. Under these
conditions, Equation (1.61) becomes:

ε1(ω) = 1− 2

πω2
℘

∫ ωc

0

ω′ε2(ω
′)dω′ for ω À ωc (1.62)

In the high frequency limit, the real dielectric function is given by:

ε1(ω) = 1− ω2
p

ω2
= 1− 4πNe2/m

ω2
(1.63)
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where ωp is the plasma frequency, N is the density of electrons, and m is the
free mass of the electron. Comparisons of Equations (1.62) and (1.63) shows
that:

∫ ∞

0

ωε2(ω)dω =
1

2
πω2

p (1.64)

where the upper limit of integration has been extended to∞ because ε2 = 0
for ω > ωc

7. The physical meaning of sum rule (1.64) originates from the rate
of energy absorption per unit volume form an electric field is:

dE
dt

= <
(
E · ∂

∂t
D̂

)
= <

[
E · (ε1 + iε2)

∂

∂t
E

]
(1.65)

If E has a time dependence of the form e−iωt, this becomes

dE
dt

= ωε2|E|2 (1.66)

Thus the integral

∫ ∞

0

ωε2(ω)dω (1.67)

is a measure of the energy absorption for all frequencies.
Sum rules are frequently defined in terms of an effective number of electron

per atom, neff , contributing to the optical properties over a finite frequency
range. Thus,

∫ ωc

0

ωε2(ω)dω =
1

2
π

4πNae
2

m
neff (1.68)

where Na is the density of atoms.

1.6.3 Reflection and transmission at normal incidence

Consider a beam of light incident on a surface as shown in Figure 1.12. Let Ii,
Ir, and It be the incident, reflected and transmitted flux densities, respectively,
which is defined as

I =
vε

2
E2

0 (1.69)

where v is the velocity of light in the medium of dielectric constant ε.
The incident power, that is the energy per unit time, is then IiA cos θi,

IrA cos θr, and ItA cos θt for the incident, reflected and transmitted beams,
respectively, where A is the beam area. Reflectance is defined as the ratio of
the reflected power to the incident power:

7This sum rule holds for energy absorption by transverse fields -such as photons. A sum
rule can also be obtained for longitudinal fields [56].
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ni

nt

Acosθi Acosθr

Acosθt

θi θr

Figure 1.12: Incident, reflected and transmitted light beams at the interface
between two media of refractive index ni and nt. A is the beam area.

R ≡ IrA cos θr

IiA cos θi

=
Ir

Ii

(1.70)

Similarly, transmittance is defined as:

T ≡ ItA cos θt

IiA cos θi

=
It

Ii

(1.71)

Using (1.69) one obtains:

R =

(
E0r

E0i

)2

= r2 (1.72a)

T =
nt cos θt

ni cos θi

(
E0r

E0i

)2

=

(
nt cos θt

ni cos θi

)
t2 (1.72b)

being r and t the Fresnel coefficient for the amplitude of the reflected and
transmitted light, respectively. For the conservation of energy, assuming there
is no absorption, the following relation has to be verified:

R + T = 1 (1.73)

It is convenient to separate the components of both R and T:

R⊥ = r2
⊥ R// = r2

// (1.74a)

T⊥ =

(
nt cos θt

ni cos θi

)
t2⊥ T// =

(
nt cos θt

ni cos θi

)
t2// (1.74b)
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For normal incidence, θt = θi = 0 and any distinction between the par-
allel and perpendicular component vanishes. In this case, Equations (1.74b)
become:

R = R⊥ = R// =

(
nt − ni

nt + ni

)2

(1.75a)

T = T⊥ = T// =
4ntni

(nt + ni)2
(1.75b)

Taking into account the complex form of the refractive index derived in the
previous Section, and setting ni = 1, we can rewrite R in Equation (1.75b) as:

R =
(n− 1)2 + k2

(n + 1)2 + k2
(1.76)

1.6.4 Einstein coefficient for absorption and emission

The decay process of an electron form an excited state might involve emission
of light (radiative decay), and, as we will see, a useful relationship exists the
rate of radiative decay and the measured absorption coefficient.

The processes of light emission and absorption are governed by rate equa-
tions whose coefficients were calculated by Einstein. Let us consider the two
level system depicted in Figure 1.13. Here the electronic states are labeled
with i and j, and the vibrational levels are indicated with µ and ν. When a
photon is absorbed, an electron is raised from (i,µ) to (j, ν). From the excited
state, the electron can go back to the lowest energy levels via stimulated or
spontaneous emission. Einstein calculated the relationships between the rate
constants for absorption Biµ→jν , stimulated emission Bjν→iµ, and spontaneous
emission Ajν→iµ :

Biµ→jν = Bjν→iµ (1.77a)

Ajν→iµ

Bjν→iµ

=
8π3ν3n3

c3
(1.77b)

where n is the refractive index.
The transition probabilities for absorption and emission are proportional

to the transition dipole moment:

Biµ→jν =
8π3

3h3
|Miµ→jν |2 (1.78a)

Ajν→iµ =
64π4ν3n3

3h3c3
|Miµ→jν |2 (1.78b)
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Bi,µ   j,ν Bj,ν   i,µ Aj,ν   i,µ

i,µ

j,ν 

Figure 1.13: Illustration of Einstein coefficients for a 2 level system. Biµ→jν

refers to absorption, Bjν→iµ to stimulated emission, and Ajν→iµ to spontaneous
emission.

B is directly related to the experimental absorption parameter through the
equation:

Bi→j =
∑

ν

Bi0→jν ∝
∫

α(ν)dν

ν
(1.79)

being α the molar extinction coefficient.
The radiative lifetime of the excited state is the inverse of the transition

probability of spontaneous emission:

τ−1
rad =

∑
µ

Aj0→iµ (1.80)

Defining the quantity:

< ν̄−3 >−1=

∫
I(ν̄)dν̄∫

ν̄−3I(ν̄)dν̄
(1.81)

the lifetime of (j,ν) can be estimated using the relation:

τ−1
rad =

8πhc

n
< ν̄−3 >−1 Bi→i (1.82)

1.6.5 Franck-Condon principle

Following the absorption of light, an electron moves to an excited state and
eventually relaxes back to the ground state. The wave functions of both these
states, however, in the Born-Oppenheimer limit, can be separated into the
product of a purely electronic and a vibrational component. As a result, any
given electronic state is composed of many vibrational levels. In molecular
crystals, the intra-molecular vibrational states (arising form the internal vibra-
tion of the molecule) are sometimes observed in their spectra. The different
vibronic levels are numbers as in Figure 1.14.
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Figure 1.14: Schematic of vibronic absorption transitions. The vibrational
levels in the ground and excited state are labeled 0,1,2... Transition between
vibrational states are sometimes observed in conjugated polymer spectra.

It follows form Equations (1.78) that the evaluation of important parame-
ters such as the absorption and emission coefficients requires the evaluation of
the transition dipole moment. The calculation of transition dipole moments
can be significantly simplified by the Franck-Condon principle. This is essen-
tially a testament of the Born-Oppeneheimer approximation, as it assumes
that electron transitions occur so quickly that nuclear coordinated remain sta-
tionary. This is generally valid being nuclear motion times roughly 10 times
longer than electronic transition times.

After the electronic transition has taken place, the nuclei respond by moving
along the adiabatic potential energy surface of the excited state to a new
equilibrium position, resulting in a change of the molecule to the excited state
configuration. This configurational change is known as relaxation and the
energy involved is the relaxation energy, Erel. Emission follows the same path.
In the potential energy surface diagram the transition is vertical, as represented
in Figure 1.15

Describing the nuclear motion in terms of normal coordinates Q, for small
displacements from the equilibrium position, each normal mode can be con-
sidered as an harmonic oscillator. The relaxation of the nuclear coordinate Q
to the bottom of the adiabatic energy curve leads to the Stokes shift between
absorption and emission, illustrated in Figure 1.16.

Within the Franck-Condon approximation, the wave function describing
the state i can be separated into its electronic, vibronic, and spin part:

Ψi = ψiφiχi (1.83)

The transition probability between two states i and j can then be written
as:
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Figure 1.15: Representation of the Franck-Condon principle. The potential
energy surfaces of the ground and excited states are plotted as a function of
the normal coordinates describing the nuclear motion.

Ri→j ∝ | < Ψi|M |Ψj > |2 =< ψiφiχi|M |ψjφjχj >

=< ψi|M |ψj >< φi|φj >< χi|χj >
(1.84)

where the dipole moment operator M appears only in the electronic term
in virtu of the Franck-Condon approximation.

The Franck-Condon factors are defined as:

Fµν = | < µi|νj > |2 (1.85)

and they represent a weight for the intensity of each of the vibronic tran-
sitions. At T=0K, since only the lowest vibrational state is occupied, the
Franck-Condon factor is:

F0ν = | < 0|ν > |2 =
e−A2/2(A2/2)ν

ν!
(1.86)

where A is:

A =

√
Mω

~
∆Q (1.87)
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Figure 1.16: Potential energy curves with vibrational probability functions
showing the mirror image relationship between absorption and emission.

Equation (1.86) is commonly written as:

F0ν =
e−S(S)ν

ν!
(1.88)

where S is the Huang-Rhys parameter defined by:

S =
A2

2
=

Mω

2~
∆Q2 (1.89)

where ∆ Q=Qi-Qj, being Qi and Qj the normal coordinate of the ground
and excited state, respectively.

The Huang-Rhys parameter is related to the relaxation energy through:

S~ω = Erel =

(
ν +

1

2
~ω

)
(1.90)

A few remarks can be done:
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• Only 0-0 transitions occur when S=0.

• F0ν satisfies the sum rule
∑

ν F0ν=1, so as S increases oscillator strength
is transferred from the 0-0 transition to higher transitions .

• The dominant transition is to the ν vibrational state where ν=S-1/2.
Therefore vertical classical transitions are dominant.

• In general, F0ν follows a Poisson distribution. However, as S increases
the profile becomes more Gaussian.

• S may be obtained empirically form the experimental vibronic progres-
sion since S=F01/F00.
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Chapter 2
Experimental methods

The Chapter describes the materials studied in this work and the experimental
techniques used to characterize them. A brief introduction to diamond anvil
cells is given, before the specifications of the two different cells used in this
work are discussed. Each of the measurements here described was performed
for different applied pressure, so the DAC was combined with every set up de-
scribed. The role of intermolecular interactions in highly oriented PPV was
studied by means of Raman and polarized reflectance and transmittance spec-
troscopy. A soluble derivative of PPV was also studied, namely MEH-PPV.
Transient photoinduced absorption spectra of MEH-PPV were recorded, with a
set up that allows a temporal resolution less than 150 fs. Steady-state photoin-
duced absorption and photoluminescence of MEH-PPV were performed both at
room and low temperature. Finally, the dependence of photoinduced absorption
on the modulation of the pump beam is described.

2.1 Materials

This study was devoted to the characterization of poly-p-phenylene vinylene
(PPV) and one of its soluble derivatives, namely poly (2-methoxy, 5-(2’-ethyl)-
hexyloxy) paraphenylene vinylene (MEH-PPV).

The following Chapter discusses and analyzes the optical response of highly
oriented PPV. Its anisotropic nature and the previous detailed assignment of
its primary photo-excitation, turn this material in one of the best candidates
to help understand the still unraveled role of intermolecular interactions.

The molecular structure of PPV is shown in (Figure 2.1).

The self-standing film of PPV studied in this work was oriented by tensile
drawing, with an elongation ratio up to λ=5. The structure of the non-oriented
film is heterogenous, including crystallites and amorphus regions. As a result of
the stretching process, both the crystalline regions and macromolecular chains
are simultaneously aligned along the draw direction. Furthermore, a symmetry
is induced in the film, which originates from the alignment of the crystallites.
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Figure 2.1: Molecular structure of (a) poly-p-phenylenevinylene (PPV) and (b)
poly(2-methoxy, 5-(2’-ethyl)- hexyloxy)paraphenylene vinylene (MEH-PPV).

Figure 2.2: The effect of stretching on PPV structure: a) non-stretched PPV;
b) oriented PPV, where boxes represent the crystallites and lines the polymer
chains in amorphus regions; c) projection of the unit cell of the crystalline
phase of PPV along a-axis (adapted from [57]).

This process is depicted in Figure 2.2.

The crystallinity degree and the symmetry of the film were found to be
strongly dependent on the draw ratio [57]. In this film the crystallinity is
∼70% of the volume, with a typical crystallite size of 20 nm. In the crystalline
phase, the chains are packed in an orthorhombic structure with the c-axis of
the crystallites parallel to the draw direction as shown in Figure 2.2. Since
the orientation of each crystallite in the a,b plane is random, the system has
cylindrical symmetry. The translational periodicity along the b-axis (corre-
sponding to the inter-chain distance) is 5 Å and the intermolecular spacing
between benzene ring layers inside the unit cell is 3.9 Å [57].

As a result of the stretching procedure, PPV gained an extremely extended
conjugation length. In general, it is possible to estimate the conjugation length
through a combination of optical absorption, Raman scattering, and fluores-
cence spectroscopies. Unfortunately, a direct study has not been done for
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(a) (b)

Figure 2.3: Transmission spectra of PPV and PPV-SiO2 films (SiO2 volume
fraction marked on the plot) (a) and calibration plot to evaluate the optical
absorption conjugation length based on the mean energy of the 0-1 and 0-2
vibronic transitions of oligomers (b). Adapted form [58].

highly oriented PPV, but to an idea of its conjugation length, we can compare
the optical results for this sample with those obtained for PPV-SiO2 nanocom-
posites [58]. Based on the mean energy of the 0-1 and 0-2 vibronic transitions
of PPV oligomers, reported in Figure 2.3, it can be concluded that being the
transition energy of highly oriented PPV at 2.5 eV, its conjugation length is
incredibly higher. A rough estimation of number of consecutive PPV units
might be ∼ 20.

For the high pressure study, a small piece of PPV of about 600x200 µm and
15-16 µm thick was cut from the self-standing film and positioned inside the
pressure cell chamber. A fragment of PPV smaller than the sample chamber
was necessary in order to collect transmission through the cell, which was used
to normalize the data (Chapter 4). The stretching direction along which the
chains are aligned (c-axis in Figure 2.2), will be named ”parallel”while dealing
with the polarized optical response of oriented PPV. This direction is also
highlighted by a blue arrow in Figure 2.9.

Theoretical results on the electronic properties of PPV-based polymer crys-
tals show that different morphologies (herringbone and π-stacking) dramati-
cally influence inter-chain interactions [55]. The parameter of interest in this
case is the transfer integral, which can be calculated for both the direction
parallel and perpendicular to the polymer chains. It is found that the transfer
integral orthogonal to the backbone is very sensitive to different inter-chain
environments, being one order of magnitude greater for π-stacking in the π
direction than for the herringbone structure. In this respect, MEH-PPV, a
soluble derivative of PPV, possessing a displaced π-stacking structure, is par-
ticularly interesting for the study of inter-chain interactions.

In this work, thin films of pristine MEH-PPV were prepared from solutions
in toluene (7 mg of MEH-PPV : 1 mL of toluene). The molecular structure
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Figure 2.4: Chain arrangement in herringbone (HB) structure (monoclinic
unit cell) and displaced π stack (base-centered orthorhombic Bravais lattice).
(adapted from [55]).

of MEH-PPV is shown in Figure 2.1. MEH-PPV powder was purchased by
American Dye Source (Canada). The films were drop cast onto a glass surface
and let dry in air until evaporation of the solvent was completed. A tiny piece
of film (250x250 µm) was peeled off the substrate and cut to fit the sample
chamber of the diamond anvil cell. Since no background is required to normal-
ize PA measurements the sample can almost fill the whole sample chamber.
Based on simulations of PL spectra of oligomer having different size [59], we
can estimate the conjugation length of MEH-PPV as roughly 5 repeating units.
Such a short conjugation length is to be expected for disordered systems.

2.2 Applying pressure: the diamond anvil cell

The basic principle of a diamond anvil cell (DAC) is very simple. A sample
placed between the flat parallel faces of two opposed diamond anvils is subject
to a pressure exerted by pushing the anvils closer together. Since pressure
is force divided by area, the modest force applied creates an extremely high
pressures between the small faces of the diamonds. Figure 2.5 also shows
the fundamental components of a diamond anvil cell: two opposed diamonds
separated by a metal gasket, with a hole for sample containment.

DACs were introduced in the 40’s to study the behavior of various mate-
rials subject to high pressures such as compressibility, optical and magnetic
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Figure 2.5: The basic parts of a DAC: two opposed diamond for sample con-
finement in a pressure transmitting medium.

properties. Since then, many different types of cells have been designed for
different purposes. For spectroscopic studies the most common cell is the
so-called Merrill-Bassett DAC (after Merrill and Bassett [60]). The basic con-
struction of a Merrill-Bassett DAC is shown in Figure 2.6. The diamond anvils
are embedded into two parallel plates, made of Be-Cu. Pressure is applied by
tightening the set of 3 or 4 screws located at the apexes of the upper plate.
The Be support is suitably shaped to provide wide-angle access to the incoming
beam.

Each of the component of a DAC has been carefully designed over the years
to guarantee the best performances. In the following the basic characteristics
of each part of a DAC are described.

Due to its hardness and optical transparency in the visible and infrared,
diamond is an ideal material for construction of high pressure cells. Diamonds
for DACs are usually selected form brilliant-cut gem stones and they are clas-
sified as type I and type II according to their purity. For optical applications
type II diamonds are preferred due to their smooth absorption spectrum that
does not change dramatically under applied uni-axial stress. A further classifi-
cation divides diamonds into type Ia (larger aggregates of nitrogen impurities),
type Ib (single nitrogen dopants), type IIa (considered pure), and type IIb (in-
cluding boron impurities). Among these, type IIa diamonds are preferred for
optical investigations. Furthermore, a stone with lower internal stress will have
a more narrow Raman line shape and lower birefringence, an important issue
for polarized optical studies.

The size of the diamonds used for DACs may vary from 1
8

to 1
2

carat1. The
anvil flat (called culet) is usually set parallel to the (100) or the (110) plane of
the diamond and ranges from 0.3 to 0.7 mm. The octagonal surface opposite
to the anvil flat is referred to as the table and its size varies form about 2 mm

11 carat is defined as 200 mg.
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Figure 2.6: The basic parts of a DAC: two opposed diamond for sample con-
finement in a pressure transmitting medium [61].

in 1
8

carat diamonds to 3.5-4.5 mm in larger diamonds.

The use of a gasket for containment of a hydrostatic medium was first
demonstrated in 1965 by Van Valkenburg [62]. The gasket is prepared by
drilling a hole in a piece of metal foil, that must have a diameter approxi-
mately half of that of the culet. Then, it has to be seated onto the lower
diamond flat, with the center of the hole matching the center of the diamond.
The centering of the gasket is followed by filling the hole with the sample and
pressure transmitting medium and by sealing bringing the upper anvil on the
gasket. Inconel2 and tempered stainless steel are generally used as gasket mate-
rials. The gasket, besides providing containment for the pressure transmitting
medium and creating the sample chamber, extrudes around the diamonds, de-
forming plastically when squeezed between the two anvils, as shown in Figure
2.7. Moreover, the gasket acts as a supporting ring, preventing failure of the
anvils due to the concentration of stresses at the edge of the anvil faces.

For pressure distribution to be uniform all over the sample, the gasket is
usually pre-indented. This is done compressing the gasket between the two
anvils with a pressure approximately equal to the maximum reachable value.
In practice, pre-indentation is necessary when extremely high pressure (>3
GPa) are achieved.

The thickness of the gasket will affect the maximum pressure the cell can
experience without failure. A thinner gasket will raise the maximum pressure
obtainable reducing the risk of deformation of the sample chamber, whereas
a thicker gaskets is much easier to load and there is a greater volume within

2Inconel refers to a family of nickel-based alloys.

46



2.2. Applying pressure: the diamond anvil cell
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Figure 2.7: Shape of a gasket squeezed between the anvils, supporting the
diamond edges [61] and pressure distribution on the gasket.

the sample chamber. At higher pressures thicker gaskets tend to deform more
readily into an oval shape as one side of the pressure chamber translates relative
to the other.

With the introduction of the ruby fluorescence method in 1972 [63] a major
problem with the DAC, namely pressure calibration, was removed, clearing the
way for the widespread use od DAC for high pressure studies.

Forman et al. [63] first showed that the R lines of Cr-doped Al2O3 shift
linearly with hydrostatic pressure in the range of 1÷22 kbar. Further work
by Piermarini, Block, and Barnett [64] made the ruby fluorescence technique
a rapid and convenient in situ method for measuring pressure. A tiny chip
of ruby is placed in the pressure transmitting medium along with the sample,
and fluorescence is usullay excited by a Ar+ laser (488 nm). The R ruby lines
are quite intense, the wavelengths of the doublet R1 and R2 being at 692.7 and
694.2 nm respectively. Under pressure these shift to higher wavelengths and
the shift is linear with pressure, with an accuracy in pressure determination of
0.3 kbar. Piermarini [65] showed that the linearity holds up to 300 kbar and
that the ruby R lines shift at the same time. Moreover, it was found that the
R lines broaden if the ruby experiences non-hydrostatic stresses.

The role of the pressure medium inside of the sample chamber is to trans-
form the uni-axial compression of the diamonds into a hydrostatic pressure
environment for the samples. Sometimes a 4:1 methanol-ethanol mixture is
preferred as pressure medium. The main advantage of a liquid pressure medium
is the ease of loading the cell but one of the major disadvantages is sample
solvent interaction. For organic polymers samples the inert nature and the use-
able pressure range of the argon medium is preferred. Argon, which condenses
into a liquid at 87 K and freezes at 84 K at 1 atmosphere, freezes at 12 kbar but
retains hydrostatic pressures inside the sample chamber up to about 90 kbar.
In general the use of inert gases like helium, nitrogen, and argon makes the
cell loading rather complicated, due to their high compressibility. Solid media
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Figure 2.8: Transmittance spectrum of CsI, form www.harricksci.com

such as CsI, KBr, and NaCl are good pressure transmitting media too, pro-
viding a hydrostatic environment up to 10-15 GPa. They are also particularly
indicated for spectroscopic measurements, because of their transparency over
a wide spectral range, with no absorption bands, as showed in Figure 2.8 for
CsI. Moreover, the ease of the loading procedure makes their use in diamond
cells extremely convenient.

In this work two diamond anvil cells were used. Due to the different spectro-
scopic techniques which the cell was combined with, the choice of the pressure
transmitting medium and the method used for pressure determination were not
the same for highly oriented PPV and MEH-PPV. In the following the main
characteristics of the two DACs are presented and the methods to measure
pressure are discussed.

Figure 2.9 shows the DAC used to study highly oriented PPV (a) and a
magnified image of the sample inside the cell The blue arrow indicates the
chain orientation (draw direction) along which the film can be readily broken.
The type IIa diamonds of this cell have a culet diameter of 1.2 mm, allowing
a gasket hole of 500 µm.

The gasket was hand made, drilling hole in a 300 µm thick foil of stainless
steel via electro-erosion. A scheme of the electro-erosion apparatus is shown
in Figure 2.10. In this set up, the drill bit (a copper wire) and the metal
gasket, immersed in a mixture of petroleum and paraffin, are the electrodes.
Whenever their distance falls below a certain critical value (determined by the
dielectric rigidity of the dielectric liquid), electric sparks are produced and an
electron bombardment mechanism is triggered. Microscopic pieces of metal
are then removed from the gasket, starting to form the hole. For a perfectly
round hole, the erosion process has to be maintained in a steady-state regime,
keeping the bit-gasket separation as constant as possible, that is the bit has to
approach the gasket with a speed the equals the erosion rate. The values of the
capacitance C, applied voltage V, and load resistance R depend on the wire
diameter and dielectric liquid. In the system showed in Figure 2.10, C=15
pF, V=150 V, and R=100 Ω. Due to the moderate pressures applied, non
pre-indented gasket were used in this work.
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(a) (b)

Figure 2.9: Diamond anvil cell used for spectroscopic measurements of highly
oriented PPV (a). A small piece of highly oriented PPV inside the DAC. The
blue arrow indicates the direction of the polymer chains (b).

V C

R

bit 
electrode

gasket

Figure 2.10: Electro-erosion apparatus used to prepare the gaskets. The drill
bit is a copper wire with the same diameter of the needed hole. The gasket is
immersed in a petroleum-paraffin mixture and in the values C=15 pF, V=150
V, and R=100 Ω were chosen according to the electrode wire diameter.
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Figure 2.11: Spectral position of the SO4 stretching mode, recorded with a
FTIR spectrometer for each pressure applied to PPV. Spectral position of the
SO4 stretching mode versus applied pressure [66].

CsI was used a pressure transmitting medium, due to is wide transparency
spectral range and absence of absorption bands. CsI guarantees a highly hy-
drostatic environment through the whole sample volume up to a few MPa.

For Raman, reflectance and transmittance spectroscopy of highly oriented
PPV, the applied pressure was determined measuring the shift with pressure
of the IR-active vibrational mode at 983.4 nm of BaSO4. This corresponds
to the stretching mode of SO4 and its position as a a function of pressure is
calibrated up to 50 kbar against Ruby fluorescence in [66] (Figure 2.11). A
small amount of BaSO4 was placed in the in the gasket hole, together with the
sample and CsI. The spectral position of the SO4 mode was recorded with a
FTIR spectrometer for each pressure applied to PPV and the measurement is
shown Figure 2.11. It can be noticed that the line width of this mode is almost
constant for each pressure, thus providing a further check on the isotropy of
pressure distribution.

A different cell was used for pump/probe spectroscopy of MEH-PPV un-
der pressure.This is shown in Figure 2.12 together with a scheme of its basic
construction parts. The 600 µm culet diameter of this DAC required a gasket
hole of 300 µm. Non pre-indented stainless steel gaskets were used, purchased
form the cell manufacturer (High Pressure Diamond Optics, Inc.)

Type IIa diamonds were used to build this cell, and the transmittance
spectrum of the front diamond recorded with a FTIR spectrometer is shown
in Figure 2.13. The presence of a strong absorption band at low energies
prevented the detection of any signal below 0.28 eV.

Pressure determination for MEH-PPV required a different approach with
respect to the ones previously described. As a matter of fact, ruby fluorescence
occurs in the energy range probed by transient and steady-state photoinduced
absorption experiments (Chapter 5), interfering with the measurements. A
way to avoid inserting in the diamond cell anything but the sample and pres-
sure transmitting medium, is to determine pressure through the sample itself.

50



2.2. Applying pressure: the diamond anvil cell

(a) (b)

Figure 2.12: DAC used for pump/probe spectroscopy of MEH-PPV (a) and a
fragment of MEH-PPV inside the cell (b). The pump laser crosses a hole in
the sample.
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Figure 2.13: Transmission spectrum of the front diamond (type IIa) of the
DAC used for pump/probe experiments. The spectrum was recorder with an
FTIR spectrometer.)
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Figure 2.14: Ruby fluorescence for different applied pressures.

Prior to pump/probe experiments, we performed a calibration measurement
loading the cell with both the sample and a tiny ruby chip. For a few applied
pressures, we recorded both the ruby fluorescence and MEH-PPV IR absorp-
tion spectrum. We determined pressure form the spectral shift of the R1 ruby
line, according to the relation:

P =
1094

b
[(1 +

δλ

λ0

)b − 1]

where λ and λ0 are the R1 wavelength shift (in nm) under pressure and
the wavelength at ambient pressure, respectively, and b is a parameter, either
be 5 or 7.665 corresponding to non-hydrostatic or quasi-hydrostatic pressure
respectively. The ruby R lines are shown in Figure a, where the values of
the applied pressures are also indicated. Figure b reports the IR absorption
spectrum of MEH-PPV at the same pressures. The position of the peaks at
2860 and 2940 cm−1 as obtained with a Gaussian fit show a linear pressure
dependence (inset of Figure b) and were used to determine pressure in subse-
quent experiments. Though this procedure allows to use the sample itself for
pressure determination, it obviously carries a greater error. This is mainly due
to the fact that as pressure increases the IR lines of MEH-PPV broadens and
lose intensity.

Finally, liquid perfluorotributylamine (PFTBA) was used a pressure trans-
mitting medium, which fulfilled two important requirements: first, it is not a
solvent for MEH-PPV, and it is transparent in the spectral range investigated
with pump/probe spectroscopy.
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Figure 2.15: MEH-PPV absorption lines used for pressure calibration. and
recorder at the same pressures as Ruby fluorescence in Figure 2.14. The peaks
at 2860 and at 2940 cm−1 were fitted with Gaussian to determine the peak
position. The inset show the linear dependence on pressure of those peaks.

2.3 Optical probes

2.3.1 Raman scattering

When quasi-monochromatic light impinges onto a surface, most of the scat-
tered photons will have the same energy as the incident ones. This elastic
scattering process is known as Rayleigh scattering. However, a small fraction
of the photons (∼ 10−6 ÷ 10−7) will be inelastically scattered, and thus will
have an energy lower or higher than the incident ones. This phenomenon,
called spontaneous Raman scattering, was predicted in 1923 by A. Smekal and
experimentally observed in 1928 by C.V. Raman [67].

As we shall see, the difference in energy between the incident and the
scattered photon is related to the vibrational levels in the ground state specific
of the sample, and yields insight into its molecular structure.

A schematics of the all the processes occurring during a Raman experiment
is shown in Figure 2.16.

Consider a molecule in its fundamental vibrational state, indicated as |0>3.
An incident photon of energy hνi is absorbed raising the system to some inter-
mediate or virtual state. Form this state a photon can be emitted (scattered)
with energy hνi < hνs (Stokes scattering). For energy to be conserved, the

3The following description actually holds even if the initial state is not the fundamental.
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Figure 2.16: Raman scattering process.

difference hνs−hνi = hν10 goes into exciting the molecule into a higher vibra-
tional level.

If the initial state of the molecule is an excited ones, say |1> (this is always
the case if the sample is at temperature >0 K), after absorbing and emitting
a photon, the molecule may drop back to a lower state. In this instance
hνs > hνi, meaning that some vibrational energy hνs − hνi = hν21 of the
molecule is converted into radiation energy. This process is called Anti-Stokes
scattering (Figure 2.16)

The basic features of Raman spectroscopy can be explained using classic
electrodynamics. When a photon interacts with a molecule, the electric field−→
E induces a dipole moment

−→
P in the molecule:

P = α · E (2.1)

The proportionality constant α is the polarizability tensor of the molecule.
The induced dipole moment of the molecule can be easily calculated [] as:

P = α0E0 cos(2πνt)︸ ︷︷ ︸
Raileigh

+
1

2
E0

∑
n

αn[cos 2π(ν − νn)t︸ ︷︷ ︸
Stokes

+ cos 2π(ν + νn)t︸ ︷︷ ︸
Anti−Stokes

] (2.2)

where νn represent the frequencies of all normal modes of coordinate Qn.
This relation shows that, besides the elastically scattered Rayleigh line,

a typical Raman spectrum is composed by additional lines shifted by ±νn

with respect to the excitation light. In π-conjugated systems with distributed
electron clouds, the double bonds can be easily distorted by an electric field.
Bond stretching and bending changes the distribution of electron density and
causes a large variation in the induced dipole moment. Thus Raman scattering
occurs because a molecular vibration can change the polarizability dα/dQ.

As a consequence of Equation (2.2) the Stokes and Anti-Stokes band po-
sitions appear to be symmetric to the Rayleigh line. However, the intensity
of the Anti-Stokes lines is smaller than that of the corresponding Stokes lines.
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The intensity ratio between these lines can be easily calculated in the frame
of quantum-mechanics4. If the sample is in thermal equilibrium, the relative
number of molecules in different vibrational states is given by the Boltzmann
distribution. In the above instance (Figure 2.16), the number of molecules N1

in the first excited vibrational state |1> relative to the number of molecule N0

in the fundamental state can be written as:

N1

N0

=
g1

g0

e−hν10/KBT (2.3)

where hν10 is the energy difference between the states |1> and |0> and g0

(g1) is the degeneracy of the lower (higher) vibrational state. According to
this relation, the probability of finding a molecule in the ground state is much
higher than that of finding it an excited state. The intensity of the Stokes and
Anti-Stokes lines is proportional to the Boltzmann factor:

IAnti−Stokes

IStokes

∼ e−hν10/KBT . (2.4)

Therefore, at room temperature the Stokes bands will dominate. In most
cases, Raman spectroscopy only deals with the Stokes part of the spectrum,
which already carries all the information about the molecular structure of the
sample and is more easily detected5.

A quantum mechanical treatment of the Raman scattering can be made
in the frame of the time-dependent perturbation theory. The dipole moment
transition element between an initial state |i> and a final state |f> can be
written as [34]:

Mif =< i|M |f > cos(2πνif t)

+
E0

hν

∑
j

[(
νij

νij + ν
− νjf

νjf + ν

)
< i|M |j >< j|M |f >

]
sin[2π(ν + νif )t]

+
E0

hν

∑
j

[(
νjf

νjf + ν
− νij

νij + ν

)
< i|M |j >< j|M |f >

]
sin[2π(ν − νif )t]

(2.5)

In quantum mechanical terms, the Anti-Stokes process correspond to the
annihilation of a phonon, while in the Stokes process a phonon is created.

In this thesis, Raman measurement of highly oriented PPV under pressure
were performed with a Dilor-Labram spectrometer. A schematic top-view of
the instrument in shown in Figure 2.17. The excitation was provided by a
He-Ne laser with an intensity of 20 mW. The excitation wavelength (λexc =
632.8 nm, 1.96 eV) is close to the absorption edge of PPV (hence, this is

4The scattering intensity is ∝ (dα/dQ)2.
5It is interesting to notice that the intensity ratio between Stokes and Anti-Stokes lines

provides a powerful tool to determine the temperature of the sample.
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Figure 2.17: Schematic top view of Dilor-Labram spectrometer. The basic
optical system is shown. M = mirrors; L = lenses; FW = filter wheel equipped
with neutral density filters of OD 0.3, 0.6, 1, 2, 3; H = hole conjugated to the
sample; NF = Super Notch Filter; S = entrance slit of the spectrometer; G =
grating (1800 g/mm or 600 g/mm); BS = beam splitter redirecting the beam
to the TV camera; O = objectives 10x NA 0.25, 50x NA 0.7, 100x NA 0.9

called pre-resonant Raman scattering), thus a photoluminescence background
is detected along with the Raman signal. No filter was used to reduce the
laser intensity, while a Super Notch Filter with a drop off Stokes edge <120
cm−1 was utilized to block the elastically scattered light. A 1800 g/mm grating
was used for these measurements. The spectral resolution is about 2 cm−1, as
determined by the entrance slit width (70÷200 µm)6. The DAC was simply
placed on the motorized table underneath the objective. Due to the size of
the cell a 10x objective could only be used to focus the incident light onto
the sample. Though the laser beam of the instruments is 500:1 polarized,
the aperture provided by this objective prevented the detection of polarized
Raman spectra. As a matter of fact, diamond birefringence [68] induced by
defects is more effective with such a wide probe beam (100 µm2) crossing a
large area of the front diamond. Nonetheless, a rough alignment was made
in order to collect the intense Raman spectra with polarization parallel to the
polymer chains.

6The resolution of a grating spectrograph has a wavelength dispersion that goes as λ−2.
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Figure 2.18: Michelson-Morley interferometer

2.3.2 Fourier transform spectroscopy

Reflectance and transmittance of highly oriented PPV were measured with a
Fourier transform (FT) spectrometer (Bruker IF66S).

The principle of FT spectroscopy relies on a Michelson-Morley interferom-
eter (1880), in Figure 2.18. The radiation emitted from a light source LS is
collected by the mirror MR1 and directed onto a 50% beam splitter BS, that
splits the beam in two parts of equal intensity. These two beams are reflected
by the flat mirrors M1 and M2 and recombine on the mirror MR2 which focuses
them onto a detector where they interfere due to their different optical paths.

Consider a monochromatic plane wave of wave number ν = 1/λ emitted
by LS along the z direction. The electromagnatic field can then be written as:

E(ν, z) = E0(ν)ei(ωt−2πνz) (2.6)

If z1 and z2 are the optical paths of the two beams separeted by the beam
splitter BS, the electric field detected by D is:

E(ν, z1, z2) = rtE0(ν)[ei(ωt−2πνz1) + ei(ωt−2πνz2)] (2.7)

where r and t are the Fresnel reflection and transmission coefficients of the
BS. The average radiation intensity measured by the detector for unit time
and surface is given by:

Sr(ν, z1, z2) =
c

8π
Er(ν, z1, z2)E

∗
r (ν, z1, z2) (2.8)

Using Equation (2.8) and introducing the path difference δ = z2 − z1 be-
tween the two beams, one obtains:

Sr(ν, δ) =
c

4π
|rt|2E2

0(ν)[1 + cos(2πνδ)] (2.9)

In the general case of a non monochromatic light source, the intensity
measure by the detector D is obtained summing over all ν:
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I =

∫ ∞

0

Sr(ν, δ)δν =
c

4π
|rt|2

∫ ∞

0

E2
0(ν)[1 + cos(2πνδ)]dν (2.10)

which is composed by a constant part plus a function of δ. Taking into
account only the variable part of the light intensity, the interferogram is thus
defined as:

F =
c

4π
|rt|2

∫ ∞

0

E2
0(ν)cos(2πνδ)dν (2.11)

Since the intensity of the light source is S(ν) = cE2
0(ν)/8π, the interfero-

gram can be finally written as:

F (δ) = 2|rt|2
∫ ∞

0

S(ν)cos(2πνδ)dν (2.12)

Being E(ν) hermitian, it follows that S(ν) = S(−ν), so Equation(2.12) can
be re-written in complex notation:

F (δ) = K

∫ +∞

−∞
S(ν)ei(2πνδ)dν (2.13)

where K is a constant. This relation states that the interferogram is the
Fourier transform of the spectrum S(ν) emitted by the light source. The source
spectrum is simply the anti- FT of the interferogram:

S(ν) = K

∫ +∞

−∞
F (δ)e−i(2πνδ)dδ (2.14)

Through Equation (2.14), the measurement of the interferogram can pro-
vide information on the spectral response of the sample. Experimentally, the
interferogram can be obtained by scanning the position of the mirror M2 and
recording the light intensity as a function of δ. Ideally, the spectrum S(ν) is
obtained integrating F (δ) over all δ (Equation(2.14)). Practically the integra-
tion is performed over a finite δ domain corresponding to a limited scanning
range of M2, form δmin to δmax.

FT spectroscopy offers two major advantages over dispersive spectroscopy,
namely (Fellget and Jacquinot advantages [69]):

• the spectral resolution is inversely proportional to the maximum differ-
ence of the optical paths (δmin-δmax). It is thus improved just by increas-
ing the scanning range of the moving mirror, since it does not depend on
the spectrometer slit dimension;

• the whole spectrum is acquired within a single scan of the moving mirror.
In a given time it is possible to average multiple scans, thus improving
considerably the signal to noise ratio.

58



2.3. Optical probes

M2

M1

M3 M4

M5 M6

D1

BS

HeNe

L1

m1

m2

LS

PH

I

P

D2

S
L1

FT Spectrometer Micro-Reflectometer

2θ

2

-

Figure 2.19: Scheme of the set up used to collect polarized R and T spectra
of PPV under applied pressure. A commercial FT spectrometer (Bruker IFS
66/S) is coupled to a home-made microreflectometer that provides a probing
spot of about 50 µm with an angular divergence of the incident light cone of
1◦.

The experimental set up used to measure polarized reflectance and trans-
mittance spectra under pressure is shown in Figure 2.19. A commercial Fourier
Transform spectrometer (Bruker IFS 66/S) was used to record the spectral re-
sponse of the sample in the range form 1.5 to 4.5 eV (276 ÷ 827 nm) with
a spectral resolution of 8 cm−1. A discharge lamp used as light source was
placed in front of the entrance of the spectrometer. The interferogram of a
He-Ne laser following the same path as the white beam is used to determine
the relative position of the mirror M2, that is δ.

The FT spectrometer was equipped with the home-made optical system
sketched in Figure 2.19 (micro-reflectometer). The incident light coming out
from the FT spectrometer is focused by the parabolic off-axis mirror M4 onto
a pinhole PH which now plays the role of new light source (owing to the Huy-
gens principle). The mirror M5 collects the light from the pinhole and directs
it onto the sample S inside the DAC. A Si detector D2 was used to collect the
signal. This set up provides a probing spot of about 50 µm with an angular
divergence of the incident light cone of 1◦. These features are fundamental,
since a probing spot smaller than the sample allows to collect a reference T
measurement which is used to normalize transmission spectra. Furthermore,
such a tiny incident beam allows to probe the sample through a small volume
of the front diamond. As explained in Chapter 4 diamond has a strong strain-
induced birefringence, which affects the possibility of collecting polarized spec-
tra. Thus, a little incident spot improves the control on polarization of the
outcoming beam.

The incident light was linearly polarized with a standard Glan-Taylor po-
larizer operating in the range 200 ÷ 2800 nm. The polarizer P, placed before
a diaphragm I, was mounted on a rotation stage. The parallel/ perpendic-
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Figure 2.20: Schematic of the photoinduced absorption process in a three level
system.

ular components of polarized R and T spectra refer to light polarized paral-
lel/perpendicularly to the polymer chains, which are aligned to the stretching
direction (see also Figure 2.9).

2.3.3 Pump/probe techniques

Pump and probe spectroscopy employs two light beams to measure the changes
in the material properties due to a modulated photoexcitation. The quantity
of interest is the differential transmittance spectrum

−∆T

T
= −Toff − Ton

Toff

, (2.15)

which is obtained as schematically illustrated in Figure 2.20.
The probe beam, a tunable light source, allows to measure the transmit-

tance spectrum, named Toff , corresponding to the linear absorption A. The
pump beam, with energy in the absorption region of the material under study,
generates new photoexcitation, i.e. new electronic states within the gap, that
can be studied by measuring photoinduced (PA) absorption. Therefore, follow-
ing photoexcitation, a new feature emerges in the transmittance Ton spectrum,
corresponding to the transition p→g in Figure 2.20.

In a typical −∆T/T spectrum, the population depletion of the ground state
g, corresponding to the g→e transition, will reualt in a negative peak, known as
photobleaching (PB). A a positive peak at the energy will instead correspond
to the photoinduced p→e transition (PA).

Time-resolved photoinduced absorption measurements provide information
on the dynamics of the non-linear photoexcitations, which is fundamental for
understanding the basic events occurring in the excited state. In particular,
the decay times τep and τpg can be probed via photoinduced absorption, while
photobleaching is related to the relaxation processes to the ground state (τeg,
τpg and τpg in Figure 2.20). Since in conjugated polymers linear absorption
typically occur in the visible spectral range, intra-gap non-linear excitations
will have their signatures at lower energies, typically in the near-infrared (NIR)
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Figure 2.21: Schematics illustrating pump-probe techniques.

spectral region.
The photoinduced changes in absorption and reflection are in general due

to two factors: thermo-modulalation (that is, a change in temperature accom-
paniing the change in absorption) and photoexcited states (appearance of new
optical transitions). The latter, which we are interested in, can be probed
either by continuous wave photomodulation or by transient spectroscopy.

Steady-state pump/probe spectroscopy

In continuous wave (cw) experiments, the probe beam constantly illuminates
the sample and the steady state changes in transmission are detected. The
pump beam is usually an Ar+ laser, while for the probe beam a broad spectrum
light such as an incandescent lamp (tungsten or other) is used. Both the
pump and the probe beams are focused onto the same spot on the sample
surface. The probe light is collected, filtered through a monochromator and
detected by a photodetector. Since the change in transmission ∆T is very small
(∆T/T<10−4) a lock-in technique has to be used for detection. This requires
the pump light to be modulated at a reference frequency and therefore ∆T
is modulated too. An analysis of the frequency dependence of ∆T will be
given later in this section. By measuring T and ∆T as a function of the probe
wavelength, the spectrum of the ∆T/T signal is obtained.

A scheme of the pump/probe technique is shown in Figure 2.21. Here, Ipump

is the intensity of the pump beam, Iprobe(0) is the intensity of the probe beam
at the sample surface and Iprobe(d) is the intensity of the light transmitted
through the sample of thickness d. Since T is given by:

T =
Iprobe(d)

Iprobe(0)
, (2.16)

∆T/T is can be written as:

∆T

T
=

∆Iprobe(d)

Iprobe(d)
(2.17)

It can be shown that this quantity is proportional to the change of the
absorption coefficient ∆α.
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After passing through the sample, the probe beam is given by the Lambert-
Beer law:

Iprobe(d) = Iprobe(0)e−αd(1−R) (2.18)

where (1-R) takes into account the reflection form the sample surface, and
higher order of reflection are neglected. We can also write:

∆Iprobe(d) = [Iprobe(d)]pump−on − [Iprobe(d)]pump−off (2.19)

Equation (2.19) can be manipulated setting:

[Iprobe(d)]pump−off = [Iprobe(0)]e−αoff d(1−Roff ) (2.20)

[Iprobe(d)]pump−on = [Iprobe(0)]e−αond(1−Ron) (2.21)

and

∆α = αon − αoff = αon − α −→ αon = ∆α + α (2.22)

∆R = Ron −Roff = Ron −R −→ Ron = ∆R + R (2.23)

Then, the changes induced by the pump beam can be expressed as:

∆Iprobe(d) = Iprobe(d)(1−R)(e−∆αd − 1)−∆RIprobe(0)e−(α+∆α)d (2.24)

Normalizing Equation (2.24) by Iprobe(d) and assuming ∆αd ¿ 1 we get
an expression for ∆T/T :

∆T

T
= ∆αd− ∆R

(1−R)
(2.25)

Being ∆T/T typically in the range of 10−3 ÷ 10−4, the second term in
Equation (2.25) can be neglected compared to ∆αd 7. With this assumption,
the fractional change in transmission is [70]:

∆T

T
' −∆αd (2.26)

It’s worth noting that this relation holds in the small signal limit for thin
films (∆αd ¿ 1): the pump beam has to be uniformly absorbed, creating an
equal distribution of ∆α across the film. In addition, we assume a perfect
overlap between the pump and the probe beams and neglect the 3D spatial
distribution of the optical fields.

Equation (2.26) states that, within the assumptions made, the quantity
∆T/T is directly proportional to the change of the linear absorption coefficient
and thus can be used to detect directly new photoinduced optical transitions.

7This is not the case when ∆T and ∆R are of the same order of magnitude and they
have both to be measured to calculate ∆α
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Figure 2.22: Set up used to measure cw pa. The basic parts are: an Ar+ laser
at 488 nm (pump beam), chopped by a mechanical chopper running at 300
Hz; a tungsten lamp LS (probe beam), the mirrors M1 and M2 focus the probe
beam onto the sample and the monochromator respectively; the detector D
connected to the lock-in amplifier.

For example, if N photons are absorbed in a unit volume of the film, and each
of them excites one electron-hole (e-h) pair, we can write:

∆α(λ) = Nexσe−h(λ) (2.27)

where λ is the probing wavelength, Nex is the density of photoexcited
species and σe−h is the effective absorption cross section for an e-h pair at
the probe wavelength [71].

The set up used to measure cw PA of MEH-PPV is shown in Figure 2.22.
A tungsten lamp was the probe beam, while the pump excitation was provided
by an Ar+ laser (488 nm) shining a power of 100 mW onto the sample. The
chopper C, running at 300 Hz, was placed in front of the monochromator MC
to measure T, and was used to modulate the pump beam while measuring PA.
Two differen detectors and a set of filters for the Ar+ laser were necessary to
cover the spectral range from 0.31 to 2.25 eV. These are summarized in Table
3.1.

Cw PA spectra for different applied pressure were collected both at room
and low temperature. In the latter case, the DAC was placed inside a the
cryostat C.

The same set up allows to measure photoluminescence (PL) as well: this is
done blocking the probe beam and recording the emission from the sample with
the proper filter in front of the entrance slit of the monochormator. If a PL
signal is present, it has to be recorded and subtracted form the PA signal, as
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Figure 2.23: Modulation of the system response. The solid line represent the
modulated excitation; the dashed line is the system response to the chopped
pump beam. The dashed/dotted area corresponds to the in-phase/out-of-phase
component of the signal.

it represents the background on top of which the photomodulated signal rides
(practically, to obtain ∆T/T form the sample one has to calculate PA-PL/T).

In the set up shown in Figure 2.22 the pump beam is modulated at a
frequency ω=300Hz using a mechanical chopper. This modulation causes ∆T
to vary in time with a magnitude and phase that depend on ω.

The system response to the chopped pump beam is illustrated in Figure
2.23. Fast photoexcitation can respond readily and the signal in-phase with
ω will have a greater magnitude (the blue area in Figure 2.23) than the out
of phase (gray area). The opposite will be true for slow photoexcitations.
It is thus clear that this technique provides information about excited states
whose lifetimes range from a few ms to ∼ 1 s. This is done by simultaneously
recording of the in phase and out of phase signals.

An expression for ∆T (ω) can be obtained assuming a monomolecular re-
combination dynamics with a single lifetime. In this case the rate equation for
the photoexcited species is:

Table 2.1: Filters and detectors used for each spectral range in cw PA experi-
ment.

Spectral Range Filter Detector

550-1100 nm long pass 550 nm Si

1100-1400 nm long pass 800 nm InSb N-cooled

1300-1900 nm long pass 1300 nm InSb N-cooled

1800-2500 nm long pass 1800 nm InSb N-cooled

2500-4000 nm long pass 2500 nm InSb N-cooled
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Figure 2.24: Modulation of the system response. The solid line represent the
modulated excitation; the dashed line is the system response to the chopped
pump beam.

N(t)

dt
= G(t)− N(t)

τ
(2.28)

where G(t) is the generation rate and N(t)/τ describes the relaxation rate.
G(t) is defined as γP(t)/hν, where P(t) is the pump power, hν is the energy
of a single photon at the pumping wavelength and γ is the quantum efficiency
in creating a particular photoexcitation. Neglecting higher orders, G(t) can be
expressed taking into account only the fundamental Fourier component:

G(t) = G(ω)e−iωτ (2.29)

Thus, the solution of Equation (2.28) has the same form:

N(t) = N(ω)e−iωτ (2.30)

Inserting Equation (2.30) in Equation (2.28) and solving for N, we get:

N(ω) =
G(ω)τ

1 + (ωτ)2
− i

G(ω)ωτ 2

1 + (ωτ)2
(2.31)

Using Equation (2.26), (2.27), and (2.31), we can express ∆T/T as:

∆T/T =
G(ω)τσd

1 + (ωτ)2
− i

G(ω)ωτ 2

1 + (ωτ)2
σd (2.32)

The first term on the right side of this Equation is in phase with pump
signal. The second term represents the out-of-phase signal (also called quadra-
ture), and has a 90◦ phase with respect to the pump signal. The frequency
dependencies of the in-phase and quadrature signals is shown in Figure 2.24
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Figure 2.25: Modualtion of the system response. The solid line represent the
modulated excitation; the dashed line is the system response to the chopped
pump beam.

It can be seen that for low modulation frequencies, the amplitude of the
in phase signal is greater than that of the out of phase, as observed also in
Figure 2.23. The opposite occurs when the modulation frequency is high. The
crossing point between the in phase and the out of phase gives the lifetime of
the photoexcited state.

The set-up used to record ∆T as a function of ω is similar to that used for
cw PA, and is schematized in Figure 2.25.A wave function generator (WFG)
drives the AOM with a sine wave allowing a frequency swipe form 1 to 105

Hz. A set of long and short pass filters is needed to collect all the light in the
desired energy range.

Transient pump/probe spectroscopy

Transient photomodulation spectroscopy was done with a two-color pump-
probe correlation technique with two pulsed and linearly polarized lasers.

The primary ultrafast laser system was a series of commercial lasers to
pump an optical parametric oscillator (OPO) for frequency conversion. Figure
2.29 shows the configuration set up. A 10 Watt, 532 nm cw solid-state laser
(Millennia Xs, Spectra-Physics) pumps a 100 fs titanium-sapphire pulsed laser
with a repetition rate of about 80 MHz (Tsunami, Spectra-Physics), which in
turn pumps the OPO (Opal, Spectra-Physics).

Frequency conversion allows a tunable probe beam and is achieved by the
OPO parametric down conversion in a nonlinear optical crystal (a Brewster-
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Figure 2.26: Second harmonic generation (SHG) and parametric down con-
version (PDC). The OPO exploits parametric down conversion in a nonlinear
optical crystal to achieve tunability.

cut lithium triborate (LiB3O5 crystal or LBO). Parametric down conversion is
a second-order three photon interaction, requiring crystals with a high second-
order nonlinear susceptibility, and can be viewed as the inverse of second har-
monic generation or sum frequency mixing, as schematically illustrated in Fig-
ure 2.26.

An input pump photon (ωp) transfers its energy to lower energy photons
such that energy is conserved, i.e.,

ωp = ωs + ωi for ωs > ωi (2.33)

The beam with higher frequency (ωs) is called the signal and the lower (ωi),
the idler. Momentum conservation,

kp = ks + ki (2.34)

is achieved by satisfying the phase-matching conditions:

npωp = nsωs + niωi (2.35)

where n is the refractive index.
The output of the OPO was used as the probe beam in our photomodulation

experiments, requiring an ultrafast laser source tunable in the infrared region
of the spectrum.

In an OPO, the nonlinear crystal is placed in an optical resonator cavity
(Figure 2.27). By carefully tuning the OPO alignment and/or crystal temper-
ature, we can measure photoinduced absorption with probe energies ranging in
from 0.45 eV to 1.1 eV with 150 fs resolution. To achieve full output spectral
range, the OPO needs to be pumped with two different wavelengths, namely
775 and 810 nm, and consequently two different optics sets in the OPO optical
cavity (1.3 µm and 1.5 µm) must be interchanged. Lower energies from 0.25-
0.43 eV can be reached by inserting a difference frequency generation (DFG)
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Figure 2.27: Optical parametric oscillator configuration.

crystal (AgGaS2), as shown in Figure 2.21. This is also a second-order non
linear process and it uses both the signal and idler as pump beams for the non
linear crystal. Carefully adjusting both the spatial and temporal overlap be-
tween the signal and idler pulses, and their phase matching8, the DFG process
generate a probe beam in the new frequency range

ωDGF = ωs − ωi for ωs > ωi (2.36)

The power output of the OPO is reported in Figure 2.28, showing the full
energy range covered.

Typical pump energy/pulse is about 0.1 nJ and kept below 5 µ J/cm2 per
pulse, which corresponds to ∼ 1000 initial photoexcitation density per pulse
in the illuminated sample. This low-intensity system, generating low exci-
ton density, avoids complications from exciton-exciton annihilation, polymer
degradation, and non-linear effects such as two-photon absorption.

Some of the OPO input beam reflects off the LBO crystal surface and
exits the Opal. This residual beam is fed through an acousto-optic modulator
(AOM) to pump the sample with the fundamental energy of 1.55 eV (below
the optical gap of MEH-PPV).

The relative delay between pump and probe beams is achieved by changing
the probe time of flight by translating a motorized stage.

Two modulations are used separately in the set up as shown in Figure
2.21. One is the mechanical chopper, operateing at 300 Hz: this is used to
modulates the probe beam when measuring sample transmission T. The second
modulation is provided by the AOM, running at 30 kHz, that synchronizes the
lock-in amplifier to the pump pulse when measuring changes in transmission
∆T. An AOM is used instead of an optical chopper to improve the signal to

8This is done by rotating the crystal.
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Figure 2.28: Energy range covered by the tunable laser system used for tran-
sient pump/probe spectroscopy. The power output of the OPO is in arbitrary
units.

noise ratio for the low-signal ∆T measurements. Typical signal sensitivity of
∆T/T is on the order of 10−7.

Two filters are used in the set up: one is placed before the sample to filter
all but the desired probe beam, the other is before the detector to eliminate any
scattered pump light. A liquid nitrogen cooled indium antimonide (InSb) de-
tector was used. Both detectors were used in the photovoltaic unbiased mode,
that provides optimum signal to noise ratio for our modulation frequency.
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Chapter 3
Inter- vs intra-chain interactions
in highly oriented PPV

In this Chapter, the role of intermolecular interactions in thick, highly ori-
ented poly(p-phenylene-vinylene) (PPV) is investigated. Raman, reflectance
and transmittance spectroscopy under applied hydrostatic pressure are pre-
sented and discussed. Raman spectra allow to infer important information
on the geometrical changes of the polymer induced by pressure. These results,
together with reflectance spectra, allow to clarify the role of inter-chain effects,
though electron-phonon coupling cannot be discarded. Furthermore, R spectra
are analyzed in the frame of an optical model developed to take into account
diamond birefringence. The parallel and perpendicular components of the di-
electric constant are also derived with a parametric procedure and their behav-
ior as a function of pressure is studied. These findings are compared to the
pressure dependence of the parameters used to obtain the anisotropic dielectric
function. Finally, an analysis of the oscillator strengths for both polarizations
is presented.

3.1 Introduction

When a polymer is subject to an external applied pressure, several effects
originating from different mechanisms are induced simultaneously.

From a geometrical or structural point of view, the most obvious change
caused by pressure is a planarization of the backbone chains. Conforma-
tional changes due to pressure have been studied by various authors mainly
through diffraction and Raman spectroscopy [72–74]. For instance, in crys-
talline poly(3-octylthiophene)(POT) [75] pressure decreases the lattice param-
eter perpendicular to the chains while in the parallel direction the polymer
proved to be rather incompressible. This different compressibility was related
to an improved planarity along the chain axis, while alkyl groups act as rigid
spacers between the chains. Flattening of the polymer backbone was also ob-
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served in para-quaterphneyl [76]. While at room pressure, the phenyl rings
undergo torsional oscillation about the single C-C bonds (primarily due to the
repulsion between neighboring ortho-hydrogen artoms), pressure tends to make
the ring lie in a plane. At a critical pressure, a phase transition was observed
with the abrupt disappearance of IR active modes. In general, as a conse-
quence of planarization, an increase in the conjugation length occurs, causing
a pressure-induced red shift of absorption and emission spectra [73,77–79].

Applied pressure does not only induce intra-chain effects, such as planariza-
tion, but also increases the inter-chain wave function overlap due to intermolec-
ular forces between the π-orbitals of neighboring chains. The increment of
steric interaction between adjacent chains brought closer together is a funda-
mental issue: despite interactions along the polymer chain are dominant and
determine the main optical and electronic properties of organic semiconduc-
tors, 3D effect can dramatically alter this 1D picture [25].

When pressure is applied to decrease intermolecular spacing, two main ef-
fects are observed in the optical spectra: a red shift of all the transitions,
joined to a clear broadening [79–82]. In polymeric systems, however, it is
generally not possible to unambiguously attribute these spectral features to
inter-chain coupling. Indeed, polymers are usually weakly ordered materials,
and the clear observation of intermolecular interactions is strongly hampered
(although in some cases not fully inhibited) by the random distribution of both
polymeric chains and their conformations. In disordered systems, flattening of
the backbone chains is mainly responsible for the observed red shift and the ef-
fects of intra- and inter-molecular interactions are usually not easy to unravel.
In a recent paper [83], the pressure-induced red-shift of the PL spectrum of
poly(9,9-di-n-octylfluorene-altbenzothiadiazole) (F8BT) was compared to that
of a solid state solution of the same polymer. The red-shift observed in the
latter was attributed to intra-chain coupling only, being the chains well sepa-
rated. Instead, the greater red-shift recorded for the thin film PL spectrum was
interpreted as the consequence of both intra- and inter-molecular interactions,
the additional contribution being du to inter-chain coupling.

Furthermore, it is important to notice that, el-ph coupling is not negligible
in weakly ordered systems [25], and also leads to an overall broadening of the
electronic and vibronic transitions. The order of the system is a crucial pa-
rameter to disentangle between intra- and inter-molecular contribution. Single
crystal represent the optimal system to investigate the role of inter-chain inter-
actions but only a few molecular semiconductors are available in this form [26].
In general, disorder intrinsic to π-conjugated systems masks their fundamen-
tal properties, affecting the distribution of conjugation lengths and molecular
weights, as well as the presence of unreacted monomers and catalyst resid-
ual. It is thus clear that a detailed study of inter-chain interactions requires a
careful choice of the investigated system.

Highly stretch-oriented PPV has a double advantage with respect to other
systems: first, it possesses both a very good optical quality and a high anisotropy
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[84,85], that diminish any contributions from disorder. Second, it is a reference
system for physics, chemistry and devices: this makes all information extracted
from it particularly interesting for the scientific and technological community
working in the field. Previous studies on highly oriented PPV [86, 87] corre-
lated the existence of two emitting states observed in PL to the amorphous
and crystalline phases co-existing in the oriented PPV [57]. In amorphous
regions, the electronic transitions mainly stem from isolated macromolecules
(emitting at higher energies), while in the crystalline phase intermolecular in-
teractions would affect the electronic structure, reducing the energy gap and
thus lowering the emission energy.

In the following we illustrate the results of Raman and polarized reflectance
and transmittance spectroscopy of highly oriented PPV under applied pres-
sure. These findings allow to interpret the role of inter-chain interactions,
distinguishing it intra-chain pressure induced changes and comparing it with
el-ph coupling.

3.2 Pre-resonant Raman scattering

In this work, Raman spectroscopy was used to probe the geometrical changes
induced by pressure in highly oriented PPV. The results are compared to
similar studies on other PPV samples and help understand the effect of the in-
creased chain proximity on both the supramolecular structure and conjugation
length of this extremely anisotropic polymer.

Pre-resonant Raman spectra (λexc = 632.8 nm), recorded up to 30 kbar,
are shown in Figure 3.1. At room pressure five modes are clearly detectable
(at 1170 cm−1, 1329 cm−1, 1548 cm−1, 1583 cm−1, and 1627 cm−1), whose
assignment is reported in Table 3.1, according to [81, 88]. Additional very
weak modes are also identified but they promptly disappear under pressure
and they are not meaningful for the present discussion. These vibrational
details are studied in [88].

Table 3.1: Assignment of Raman modes of PPV according to [88]. The last
three columns report the shifts as a function of pressure of the Raman modes
of non oriented PPV as reported in [88] and in [79] and of highly oriented PPV.

Raman
shift

Main
assignment [88]

dν/dP (cm−1/kbar)
non oriented PPV [79]

dν/dP (cm−1/kbar)
non oriented PPV [79]

dν/dP (cm−1/kbar)
oriented PPV

1170 cm−1 C-C stretching + C-H
bending of the phenyl ring

0.358 0.264 0.34

1330 cm−1 C=C stretching + C-H
bending of the vinyl group

0.18 0.168 0.16

1548 cm−1 C=C stretching of the
phenyl ring

0.39 0.403 0.33

1583 cm−1 C-C stretching of the
phenyl ring

0.352 0.369 0.28

1627 cm−1 C=C stretching of the
vinyl group

0.35 0.392 0.36
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Figure 3.1: Raman spectra (λexc = 632.8 nm) of highly oriented PPV for differ-
ent applied pressure. A photoluminescence background progressively appears
as pressure increases, which causes an upward shift of the spectra.

All vibrational modes increase their frequency upon applying pressure (Fig-
ure 3.2) with a rate (dν/dP) ranging from 0.16 to 0.36 meV/kbar (Figure 3.3).
The hardening of Raman modes with applied pressure was previously observed
by other author and Table 3.1 compares the shift rates for oriented PPV with
analogous literature data recorded for non oriented PPV films [79, 82]. The
different synthetic procedures used to obtain these samples does not allow to
easily rationalize the pressure rates of the vibrational modes for oriented and
non oriented PPV. In general, the supramolecular structure of π-conjugated
polymers is strongly dependent on the synthetic route used to process them.
Therefore, despite the same chemical structure, crystalline or amorphous ma-
terials can be grown, showing different behavior as a function of pressure.

However, for oriented PPV it can be noticed that the Raman modes as-
signed to the CC phenyl stretching (1548 cm−1 and 1583 cm−1) have a softer
dependence on pressure with respect to those of non oriented samples. The
lower dν/dP values observed for oriented PPV can be related to its high crys-
tallinity degree (about 70% [57,89]) and to its intrinsic long conjugation length.
In the crystalline regions, phenyl rings are better packed and then weakly per-
turbed by the applied pressure. This interpretation is in full agreement with
data for polydiacetilenes where dν/dP for crystalline polymers is less than
that of amorphus ones [90]. Also, high pressure studies on different polymorph
of poly(3-octylthiophene) (POT) showed that the disordered phase is more
compressible than the crystalline phase [91].
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Figure 3.2: Shifts of Raman modes of highly oriented PPV upon applying pres-
sure. Raman spectra are shown for each applied pressure after the background
has been subtracted. Vertical dashed and solid lines are guides for the eyes to
help follow the shifts induced by pressure of the different modes.

Upon increasing the applied pressure, a background progressively appears
in Raman spectra (Figure 3.1). This background shows a well resolved in-
terference fringes pattern that resembles the one previously observed [92] and
attributed to photoluminescence (PL). Increasing pressure, the excitation at
632.8 nm becomes closer and closer to the absorption onset (which moves
toward lower energies), thus providing a more efficient PL excitation1. Due
to the high optical quality of the sample, this emitted light is reflected back
and forth from the sample surfaces, resulting in Fabry-Perot cavity-like inter-
ference fringes [92]. The presence of photoluminescence emission reveals the
extremely extended conjugation length of the polymer chains. Figure 3.2 also
shows Raman spectra after a smooth PL background has been subtracted. This
correction does not alter significantly the spectral position of Raman modes.

1Despite this effect, the resonance condition for Raman scattering is not achieved even
at the highest pressure applied. Indeed, the weakness of the Raman signal and the presence
of a PL background prevent the observation of any ”resonant” enhancement of the Raman
peaks.
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Figure 3.3: Pressure dependence of the position of Raman modes in highly
oriented PPV.

No new band appears in Raman spectra due to applied pressure.

Additional insight on the photophysical properties of this material can be
obtained analyzing the relative intensities of the Raman bands. In particular,
the modes at 1170 cm−1, assigned to the C-H bending of the phenyl ring, at
1548 cm−1, of the C=C phenyl stretching, and at 1627 cm−1, of the vinyl
stretching are relevant for the present discussion (see Table 3.1 [81, 88]). It
has been observed [81, 93] that the ratio between the bands associated with
CC stretching modes of the phenyl ring and those attributed to the vinylene
group are fundamental to asses the planarity of the chains and consequently the
conjugation length of PPV macromolecules. Thus, Raman scattering provides
a powerful tool for monitoring the geometrical changes induced by pressure
in the polymer structure, yielding a qualitative criterion for evaluating the
conjugation extension. In particular, the ratio between the bands at 1548
cm−1 and at 1627 cm−1 (I1548/I1627) is greater (less) than one for long (short)
conjugated segments, while the ratio I1170/I1627 is related to the torsion of
the phenyl rings, being greater (less) than one for planar (twisted) polymer
chains [81,88,93,94].

Data for highly oriented PPV show that the ratios I1548/I1627 and I1583/I1627

are almost independent on pressure (being∼2.5 and∼10) up to 16 kbar (Figure
3.4). For higher applied pressure both the interference fringes and structured
background prevent the determination of band intensities. Similarly, the ratio
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Figure 3.4: Intensity ratio I1170/I1627 (a), I1548/I1627 (b), and I1583/I1627 (c) for
highly oriented PPV.

I1170/I1627, also plotted in Figure 3.4, is practically independent on pressure up
to 16 kbar and equal to ∼ 6.

It is interesting to compare the data for oriented PPV with those for
both non oriented PPV [79, 82] and oligophenyl para-hexaphenyl (PHP) [74],
a polycrystalline material with a non planar conformation. In non oriented
PPV I1543/I1622 grows from 1 to 2.4 upon changing applied pressure up to 80
kbar [82]. In the case of oriented PPV the value of 2.4 is already achieved at
room pressure and does not change by applying pressure (Figure 3.4). This
indicates that the conjugation extension of stretched PPV is not substantially
increased by pressure, such a high value of I1543/I1622 being achieved by stan-
dard PPV at high pressures only. Furthermore, it is worth noting that, for
highly oriented PPV, the ratio I1170/I1627 is also independent on pressure (Fig-
ure 3.4a), i.e. phenyl rings have a very low twisting angle. This behavior is
dramatically different with respect to that observed both in spin cast PPV [95]
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3. Inter- vs intra-chain interactions in highly oriented PPV

and PHP [74], where the remarkable increase of this ratio is detected up to 50
kbar indicates a progressive planarization of the macromolecules with increas-
ing pressure.

These observations point out that, even at room pressure, stretch oriented
PPV possesses a high degree of planarity and consequently an exceedingly
extended conjugation length, which is not significantly improved by applying
pressure. As a consequence, minor effects due to planarization and to an
increase of the conjugation length are expected to affect the optical properties
of oriented PPV under pressure.

Finally, a broadening of Raman bands with increasing pressure seem to
be apparent in Figure 3.2. However, a detailed analysis indicates that the
full width half maximum of Raman peaks is almost constant. The apparent
broadening is in fact due to the reduction of the signal intensity upon increas-
ing pressure. The independence of broadening on applied pressure in oriented
PPV indicates that anharmonicity plays a minor role on the vibrational prop-
erties of the system. In other conjugated polymers, like polydiacetylene [90], a
highly crystalline system, the broadening of Raman peaks was instead assigned
to phonon distribution correlated to intramolecular ordering (flattening) upon
increasing pressure. Therefore, we deduce that in oriented PPV, order is al-
most independent on applied pressure, further indicating that main effects of
pressure observed in the optical spectra are due to different reasons. More-
over, the modest change of the Raman scattering intensities, along with the
absence of new Raman bands, further supports the negligible modifications of
the intra-chain conformation geometry.

3.3 Reflectance and transmittance

In the following we will discuss the effect of pressure on reflectance (R) and
transmittance (T) spectra. To make the analysis of the pressure dependencies
easier, we will first summarize the assignment of the features observed in R and
T spectra outside the DAC. These measurements are literature data obtained
for the same PPV sample [84,86,87,92].

3.3.1 Main features

Figure 3.5 shows room pressure reflectance (R) and transmittance (T) of highly
oriented PPV films for both polarizations.

The main spectroscopic features of the parallel component of reflectance
(R//) are in the high energy region of the spectrum (>2 eV). The purely
electronic transition (0-0, or peak I) between delocalized molecular levels d-d∗,
is located at a significantly low energy (2.48 eV-500 nm), indicating a long
conjugation length of the polymeric chains in these samples. This transition is
known to be strongly polarized along the chain axis, as discussed in [96–107].
A well resolved vibronic progression appears with peaks at 2.70 and 2.95 eV
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Figure 3.5: Polarized reflectance and transmittance spectra of highly stretch-
oriented PPV [92]. The black (red) lines refer to the parallel (perpendicular)
component. The energy scale is expanded below 1.7eV to highlight interference
fringes.

(460 and 420 nm), respectively, reflecting a narrow distribution of conjugation
lengths.

At higher energies, a shoulder is observed in the parallel reflectance spec-
trum at about 3.7 eV (340 nm), usually referred as peak II . This feature is
polarised along the chain axis [97, 108–111] and originate from a mixing of
transitions between delocalized levels (d-d∗) induced by finite-size effects. On
the basis of quantum chemical calculations peak II has been assigned to con-
jugation chain ends [84, 92] and its intensity is expected to decrease in long
conjugated polymers [112].

For energies lower than 2 eV, an interference pattern is manifested, due to
the sum of contributions of light reflected from the front and from the back
surface of the film. The presence of interference fringes testify the high optical
quality of the sample under study.

In the perpendicular reflectance, the onset of absorption results in an abrupt
reduction of the reflectivity intensity around 2.48 eV (500 nm). The lowest op-
tical transition and its vibronic satellites are practically not detectable along
this polarization component. This confirms that the polymer chains are very
well oriented and the misalignment angle is very small. Below 2.4 eV, a re-
flectance signal arising from the contribution of the back surface and a se-
ries of interference fringes are clearly detected. Changes in the path of these
fringes with respect to that observed for the parallel component point out the
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3. Inter- vs intra-chain interactions in highly oriented PPV

anisotropy of the refractive index.

Figure 3.5 also shows the room pressure polarized transmittance (T) of
highly oriented PPV. As in reflectance spectra, the appearance of interference
fringes testifies the good optical quality of the films. The optically thick sample
used in this work does not allow a direct determination of the transmission
spectra above 2.48 eV (500 nm), the sample being no longer transparent at
this wavelength. The remarkable difference between the two polarization in
the transmittance onset is the result of the different optical strength of the
parallel and perpendicular component of the lowest optical transition (π−π∗),
arising from chain misalignment.

For a complete discussion of the spectroscopic features of highly oriented
PPV, see [84,86,87,92].

3.3.2 Reflectance under pressure: raw data

Measured reflectance spectra for different applied pressures, with light po-
larization parallel to the polymer chains, are shown in Figure 3.6. At room
pressure, the lowest energy peak, due to the π − π∗ transition, is located at
2.46 eV (504 nm). As already pointed out (Section 3.2), the considerably low
energy of this purely electronic (0-0) transition testifies an exceedingly long
conjugation length of the polymer chains in this sample, even at room pres-
sure. Well resolved vibronic replicas are also observed at 2.70-2.90-3.09 eV
(460-427-401 nm). The clear spectral resolution of these features reflects the
high degree of structural order possessed by this sample, a fundamental issue
in order to deeply investigate its optical and electronic properties.

Furthermore, another transition -peak II- can be detected as a shoulder
around 3.77 eV (329 nm). This is indicated by the arrow in Figure 3.6. The
intensity of this structure is expected to decrease as chain length increases
[92, 112, 113]. Its weakness thus further confirms the extremely long average
conjugation length of the macromolecules in this sample.

The overall effect of pressure on the parallel component of R is twofold: a
rigid red shift of the whole spectrum and a broadening of the vibronic transi-
tions. In particular, the π − π∗ transition shifts of -3.7 meV/kbar, as summa-
rized in Figure 3.9a, while the dependence on pressure of peak II (Figure 3.9b),
whose spectral position was identified by the zeros in the third derivative2 of
R, is weaker, -2.7 meV/kbar.

A pressure-induced red shift of the optical transitions was observed for a
number of different polymers [73,74,79]. This effect can in principle result from
the interplay of two different phenomena: an increase in the average conjuga-
tion length of the polymer, due to planarization of the backbone chains, and
an enhancement of inter-chain interaction, due to an increase of wavefunction
delocalization on neighboring chains favored by the reduction of the inter-chain

2In order to determine the spectral position of peak II as a function of pressure, R was
fitted with a smooth function around peak II and this function was subsequently derived.
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Figure 3.6: Parallel component of reflectance spectra of highly oriented PPV
for different applied pressure. The arrow indicates a shoulder corresponding
to peak II.

distances.

As outlined in Section 3.2, the analysis of the Raman modes of stretch
oriented PPV showed that neither geometrical changes nor an increase of con-
jugation length are induced by pressure. Furthermore, the pressure dependence
of peak II (which -we recall- is an intra-chain species assigned to conjugation
chain ends) points out that intra-chain effects are indeed weak. As a conse-
quence, the deep modification of the π− π∗ transition revealed by its stronger
pressure dependence has to be ascribed to different mechanisms.

Furthermore, the spectra in Figure 3.6 also exhibit a broadening of all elec-
tronic transitions and vibronic replicas upon increasing pressure. As a matter
of fact, inter-chain interactions induce a splitting of the HOMO and LUMO
levels of the isolated chains with the overall effect of broadening the electronic
and vibronic transitions. Another contribution to spectral broadening is in
general due to el-ph coupling. The enhanced delocalization caused by inter-
acting chains might also reduce the el-ph coupling, bringing to a redistribution
of the intensity of the vibronic progression in absorption spectra.

To better understand the nature of the effects observed in the optical spec-
tra so far described, it is then necessary to compare the inter-chain interaction
bandwidth (Winter) and the strength of the el-ph coupling (Wel−ph). Indeed,
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3. Inter- vs intra-chain interactions in highly oriented PPV

the value of the ratio Winter/Wel−ph determines the weak (¿1), intermediate
(∼1) or strong (À1) coupling regime in the investigated system and then the
correspondent spectral shape.

As an example, let us consider the spectral effect of el-ph coupling on
molecular aggregates [114].

In the limit of strong coupling (Figure 3.7(a)), the Born-Oppenheimer sep-
arability of intra-molecular electronic and vibrational wave functions is appli-
cable. Thus, the allowed excited electronic states of identical molecules in an
aggregate will interact, and the vibrational envelope will follow along. In a
dimer (Figure 3.7(a), middle panel) a splitting will occur (although some of
the components might be forbidden) and the excitation will be distributed over
both molecules, so the vibrational frequencies of the excited state will change.
In the ideal case of an infinite polymer (Figure 3.7(a), lower panel) a much
larger exciton splitting will be observed, but the bandwidth of the allowed
component will now become extremely narrow, due to the fact that only the
0-0 vibrationless electronic transition is now allowed by the Franck-Condon
principle.

Weak coupling correspond to the failure of Born-Oppenheimer separability.
In this regime (Figure 3.7(b), right panel), no spectral band shape change is
observed, but second order effects, such as hypochromism or hyperchromism
might occur. In the intermediate coupling the electronic and vibrational wave
functions are also not separable, and a general broadening of the band contour
may result, as schematically depicted in Figure 3.7(b), left panel.

It is thus clear that an unambiguous interpretation of the data presented up
to now requires the evaluation of both Winter and Wel−ph. In order to obtain
these values further manipulations on the data are necessary. In the following
sections we will present a method for the derivation of the dielectric constant,
based on a parametric fitting procedure, that will allow us to derive Wel−ph

directly form the parallel dielectric constant, and to evaluate Winter form the
fitting parameters.

Figure 3.8 shows the perpendicular component of reflectance spectra for
different applied pressures. For this polarization the shape of R spectra exhibits
some difference when compared to the ones previously reported for instance
in [84,87] at room pressure outside the diamond anvil cell.

Although the lowest energy transition and its vibronic replica between 2.46
and 3.09 eV are hardly detectable (as expected for a highly oriented and thus
optically anisotropic sample), some features can be identified.

In the low energy region of the R perpendicular spectrum, up to about
2.3 eV, by increasing the photon energy the signal decreases due to the in-
creasing absorption. This might be attributed to polymer chain misalignment
(inevitable also in highly oriented polymers), which provides a projection of
parallel component into the perpendicular one [84]. The effect of absorption
on the perpendicular reflectance can also be observed in the spectra measured
outside the cell reported in Figure 3.5. Moreover, in the perpendicular com-
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3.3. Reflectance and transmittance

(a) Strong el-ph coupling.

(b) Weak and intermediate el-ph coupling.

Figure 3.7: Spectral effects of strong (a), weak, and intermediate (b) el-ph
coupling on electronic transitions and vibrational states of a molecular aggre-
gate [114].
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Figure 3.8: Perpendicular component of reflectance spectra of highly oriented
PPV for different applied pressure.

ponent of R, a weak structure appears around 2.5 eV denoted with asterisks
in Figure 3.8 and for higher energies a maximum is also observed at about 3.5
eV. However, the optical analysis of the data previously described (Section 3.4)
shows that this high energy structure is an artifact due to polarization mix-
ing caused by diamonds birefringence, which mainly affect the perpendicular
polarization owing its very weak intensity.

Upon applying pressure, the onset of R perpendicular (marked with ∗ in
Figure 3.8) shifts towards lower energies at a rate of dE/dP= −5.8 meV/kbar.
This value is close to the absorption edge of the π − π∗ transition observed in
the parallel transmittance spectrum (Figure 3.10a), being due to the sum of
peak energy and broadening rates (Figure 3.9) [86].

The feature at about 2.5 eV, indicated with two asterisks in Figure 3.8,
shows a pressure rate of dE/dP= −4.4 meV/kbar similar to that observed for
the 0-0 peak of parallel reflectance spectrum, thus suggesting its origin as due
to chain misalignment.

The shift rates with pressure of the features observed in R spectra for both
polarization are summarized in Figure 3.9.
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Figure 3.9: Shift with applied pressure of π − π∗ (a) transition and peak II
(b) as determined from the analysis of the parallel component of reflectance in
Figure 3.6. The linear fits are also shown, and the values of respective slopes are
reported. (c) shows the pressure dependence for the double structure denoted
with asterisks in perpendicular component of reflectance spectra (Figure 3.8).
The values of dE/dP resulting form a linear fit are also reported.
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Figure 3.10: Parallel and perpendicular component of transmittance of highly
oriented PPV for different applied pressures. In (a), the two features corre-
sponding to the double step-like structure are labeled A// and T//. In (b) the
absorption and transmission onsets are indicated as A⊥ and T⊥.

3.3.3 Transmittance under pressure

Figure 3.10 shows the parallel and perpendicular components of measured
transmittance (T) for different applied pressures. It can be noticed that both
these spectra do not approach zero in the energy region above the optical gap.
This behavior, different with respect to previous findings, can be (partially) re-
lated to light diffusion arising from PPV/diamond interface and due to surface
roughness.

Both parallel and perpendicular T spectra display a bathochromic shift of
their spectral features upon applying pressure.

For the parallel component (Figure 3.10a) the spectral signature of the
absorption onset (identified as the energy where T rapidly drops off) is not
evident. Nonetheless, a feature with a double step-like character is recogniz-
able. In Figure 3.10a these structures, highlighted by arrows, are located at
2.25 and 2.40 eV (551 and 517 nm) in the room pressure spectrum and labeled
A// and T//, respectively.

In the perpendicular T spectrum two clear features can be identified: the
absorption (at 2.29 eV -541 nm, at room pressure) and transmission onset (at
2.43 eV - 510 nm, at room pressure). These are marked A⊥ and T⊥ in Figure
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Figure 3.11: Pressure dependence of the different spectral features detected in
the perpendicular component of transmittance.

3.10b.

Figure 3.11 compares the pressure dependencies of A//, A⊥, T//, and T⊥.
It can be noticed that A// and A⊥ exhibit a similar pressure dependence (-8.5
meV/kbar). Both A// and A⊥ can be ascribed to the absorption onset corre-
sponding to the π− π∗ transition, having mainly a parallel character but with
a perpendicular component due to both chain misalignment and polarization
mixing, as already observed in Section 3.3.2.

A// and T//, highlighted in Figure 3.10a, evolve as a function of pressure
in a similar manner, as shown in Figure 3.11. These shift rates (-8.5 and -7
meV/kbar for A// T// and respectively) are twice as big as that of the π − π∗

transition as obtained from parallel R spectra (-3.7 meV/kbar), indicating that
a broadening occurred upon applying pressure. Indeed, the shift rate of the
π − π∗ transition derived from R spectra comprises both its peak position as
a function of pressure and its broadening, which strongly affects the value of
dE/dP.

For the perpendicular polarization (Figure 3.10b) the whole T spectrum
clearly shifts towards lower energies with increasing pressure but different de-
pendencies can be detected. The onset of absorption, marked as A⊥, has a
pressure dependence of -8.5 meV/kbar, while the onset of transmission T⊥
varies with pressure by -5.7 meV/kbar. These dissimilar values also clearly
show that a broadening of the transition giving rise to absorption occurs.
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3.4 A model for data analysis: corrections to

R spectra

In the following we will describe the optical model developed to correct the
spectra reported in the previous Sections. Data reduction was necessary since
in addition to the optical response of the sample, several other contributions
affect the measured spectra, and must be properly considered for a correct
data analysis. These can be summarized as follows:

• reflection contribution from the front surface of the diamond anvil cell;

• dielectric contrast between diamond and sample instead of the usual
air/sample interface;

• diamond birefringence [68] induced by defects and/or by strain, which
inhomogeneously rotate the plane of polarization of light, introducing a
polarization mixing in the sample optical response;

• light scattering from the sample itself, as inferred from previous spectro-
scopic measurements [92].

In general, all mentioned contributions exhibit a smooth spectral depen-
dence, so the main spectral features characterizing PPV, particularly for the
parallel polarization, can be interpreted analyzing the raw data, as in Sections
3.3.

Nevertheless, a more detailed discussion and a quantitative evaluation of
the relative strengths of the observed spectral features require a more careful
inspection of the data, due to the problems cited above. A simple model, con-
sidering the diamond anvil as a thick transparent layer, allows the calculation
of the contributions to reflectance and transmittance of the air/diamond and
diamond/sample interfaces and can easily account for the first two issues. As
concerns strain-induced birefringence of diamond, the small angular divergence
(1◦) provided by the set up used for the measurements (Chapter 2) minimizes
the volume of diamond crossed by the probing beam. This improves the con-
trol on polarization of the outcoming beam, reducing the effect of polarization
mixing due to diamond birefringence. In addition, a series of calibration mea-
surements were performed on the front diamond of the DAC (half cell). These
fully characterize its polarized spectral response and depolarization effects, and
allowed to renormalize our data.

All reflectance and transmittance spectra were normalized, i.e. their values
are absolute. Nevertheless, R and T data have to be analyzed with different
approaches. The reference measurement used to normalize T spectra could
be recorded through a spot within the gasket hole that was not occupied by
the sample. Thus the effect due to both the front and back diamond of the
DAC was easily removed from T spectra, which need no further corrections.
Instead, such a reference spectrum could not be used to normalize reflectance.
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Figure 3.12: Schematics of the model used for analysis of reflectance spectra.

As a matter of fact, the presence of diamond, that serves as optical window,
strongly affects reflectance spectra, modifying both their intensity and shape.

The DAC containing the sample was represented as a three-layer system
composed by PPV, diamond and air, with two interfaces (air/diamond and
diamond/PPV). Each of the interfaces separately contributes to the total re-
flectivity. A schematic is depicted in Figure 3.12.

Within this model, the experimental reflectivity Rexp is the sum of two
contributions, and can be written as:

Rexp = Rair/diamond + (1−Rair/diamond)
2Rdiamond/PPV

= Rair/diamond + Tair/diamond/airRdiamond/PPV

(3.1)

In this expression, the first term accounts for the reflectivity of air/diamond
interface, while the second is due to the diamond/PPV interface. In the sec-
ond expression of Equation (3.1), use has been made of the equality between
the transmittance of a double air/diamond interface and the term enclosed
by parenthesis [67]. Furthermore, higher order terms, arising from multiple
reflections between the interfaces, are neglected in this model.

Equation (3.1) represents the absolute values measured for reflectance (Fig-
ure 3.6 and Figure 3.8). Actually, these values are higher than expected for
a bare PPV/air interface, since they include the contribution due to the air/
diamond reflectance, namely:

Rair/diamond =
(1− ndiamond)

2

(1 + ndiamond)2
(3.2)

which is independent on polarization and roughly 17% if ndiamond is simply
set equal to 2.4. Diamond refractive index dispersion (Palik WVase Library)
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3. Inter- vs intra-chain interactions in highly oriented PPV

is also taken into account in evaluating Rair/diamond. The effect of the correc-
tions embedded in Equations (3.1) and (3.2) to measured reflectance spectra
are shown in Figure 3.14(a) and 3.14(b) for the parallel and perpendicular
component.

The effect of diamond on reflectance spectra is not thoroughly comprised
in this simple model and further corrections to the data are need. Even when
the air/diamond reflectance is taken into account as previously discussed, room
pressure R spectra measured through the DAC present for both polarization an
anomalous shape if compared to the spectra recorded outside the cell reported
in Figure 3.5 [92]. In particular, the intensity of the parallel component of
R (Figure 3.14(a)) is lower than expected in the whole spectral range, with
a greater decrease in the high energy region. The perpendicular component
(Figure 3.14(b)), rather than being quite flat with an absolute value between 3
and 4%, has a swinging behavior, assuming negative values for energies higher
than 4 eV. This effect is caused by the refraction through a planar interface,
which introduces spherical aberration that alters the detected light intensity.
A theoretical analysis for the simple case of one planar interface is proposed
in [115]. Here, however, two interfaces should be considered (air/diamond and
diamond/sample, see Figure 3.12), and a detailed model accounting for this
effect is beyond the scope of the present study.

In order to compensate for the intensity loss of the spectra, reflectance and
transmittance of half, empty cell (basically, the front diamond of the DAC)
has been recorded and used to renormalize all the reflectance data as follows.
The loss factor α has been evaluated experimentally from the total reflectivity
of the empty diamond anvil cell using the relation:

RemptyDAC
exp = αRair/diamond + α2(1−Rair/diamond)

2Rdiamond/PPV

= αRair/diamond + α2Tair/diamond/airRdiamond/PPV

(3.3)

where Tair/diamond/air is the transmittance through the double air/diamond
interface, measured independently and for both polarizations, and Rair/diamond

is the ideal reflectance of the air/diamond interface given by Equation (3.2)
and including ndiamond dispersion. Once α is known over the entire spectral
range, the reflectivity of the sample can be obtained inserting Equation (3.1)
in the following:

Rdiamond/PPV =
Rexp − αRair/diamond

α2Tair/diamond/air

(3.4)

where Rexp is the experimental reflectivity of PPV measured inside the
DAC (Figure 3.6 and 3.8), α is obtained via Equation (3.3), and Rair/diamond

is given by Equation (3.2). Rdiamond/PPV is derived through Equation (3.4) for
both polarizations.

The phenomenological loss factor α increases the absolute values for both
polarizations and removes the pathological behavior of the perpendicular com-
ponent at high energies, as shown in Figures 3.14(a) and 3.14(b). Nonetheless,
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Figure 3.13: Transmittance through the half, empty DAC in a double po-
larizer experiment. The symbols refer to polarizer and analyzer polarization,
respectively.

another correction is necessary. Indeed, the absolute value of R// is still lower
compared to the reference spectra recorded outside the DAC, while the inten-
sity of R⊥ is higher over the whole spectral range and further increases in the
high energy region.

The well-known strain-induced birefringence possessed by diamond [68],
and caused by defects such as dislocations, lattice parameter variations, inclu-
sions, fractures, and plastic deformation that possesses a strong, needs to be
taken into account when dealing with polarized measurements inside the DAC.
A mixing of the parallel and perpendicular polarizations is to be expected, that
prevents a direct interpretation of the experimental data.

In order to clarify this effect, a double polarizer transmittance measure-
ment of the empty cell was performed. The incident light was polarized before
impinging on the sample and an analyzer was placed in front of the detec-
tor. Transmitted light was found to be non zero even with crossed polarizers,
showing a strong energy dependence. These spectra are reported in Figure
3.13.

Assuming the same polarization mixing occurs for all applied pressures, the
amount of mixing can be easily determined by the coefficients:
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a =
T //⊥

T //// − T //⊥ (3.5)

b =
T⊥⊥

T⊥⊥ − T⊥//
(3.6)

being T the transmittance of the empty cell shown in Figure 3.13, where the
symbols refer to the polarizer and analyzer, respectively. The coefficients a and
b calculated via Equation (3.5) and Equation (3.6) were fitted with second or-
der polynomials, that were instead used for corrections to avoid introducing fur-
ther artificial noise in the spectra. Then, the recorded parallel/perpendicular
component including also a contribution form the other polarization, can be
expressed in terms of the correctly polarized spectra:

R
//
diamond/PPV (mixed) = aR

//
PPV + (1− a)R⊥

PPV (3.7)

R⊥
diamond/PPV (mixed) = bR⊥

PPV + (1− b)R
//
PPV (3.8)

Once the mixing coefficient a and b are known over the whole spectral range,
the correctly polarized spectra can be obtained inverting Equation (3.7) and
(3.8):

R
//
PPV =

(1− a)R⊥
diamond/PPV (mixed)− bR

//
diamond/PPV (mixed)

1− a− b
(3.9)

R⊥
PPV =

(1− a)R
//
diamond/PPV (mixed)− bR⊥

diamond/PPV (mixed)

1− a− b
(3.10)

Figures 3.14(a) and 3.14(b) show a comparison between the room pres-
sure spectra obtained for both polarizations after each step of the correction
procedure (Equations (3.1),(3.2),(3.4)),(3.9), and (3.10)). The corresponding
spectrum recorded outside the DAC [87,116] is also reported.

The correction procedure described so far adjusts both intensity and shape
of room pressure spectra, giving a satisfactory agreement with the ones recorded
outside the DAC for both polarizations and used as references. In particular
it can be noticed that the high energy bump in R⊥ disappears in the corrected
spectrum (Equation (3.10) and Figure 3.14(b)).

Nonetheless, the present mathematical modeling affects the energy range
useful for data analysis, resulting in an increased noise level in the high energy
region. This forbids any reliable interpretation for energies higher than 3.5 eV.
Since the complex dielectric constants will be derived by fitting these corrected
R spectra, as described in the following Section, the subsequent analysis of
transition energies and broadening upon applying pressure must be limited
the spectral range where the adjustment procedure does not fail.
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3.4. A model for data analysis: corrections to R spectra
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Figure 3.14: Comparison between the room pressure spectra obtained for the
parallel (a) perpendicular (b) polarizations after each step of the correction
procedure and the corresponding spectrum recorded outside the DAC (Figure
3.5). The labels refer to the equation used to obtain the spectrum.

95



3. Inter- vs intra-chain interactions in highly oriented PPV

Some minor discrepancies, probably ascribed to light scattering from the
sample still remain and cannot be accounted for without arbitrary assumptions.
Moreover, since the normalization procedure is based on data measured at
ambient pressure, some caution has to be used to interpret the spectra at
higher pressures.

Nevertheless, the features we want to discuss do not depend on the adopted
procedure, showing a regular evolution with pressure, which is not affected by
the renormalization. Some care has to be anyway used in the interpretation of
the data related to the perpendicular polarization since these spectra are much
less intense than the parallel ones and thus more sensitive to uncertainties.

3.5 Corrected reflectance spectra

As discussed in the previous Section, the presence of diamond strongly affects
the intensity and polarization of PPV spectra. The correction procedure there
described allowed to extract the parallel and perpendicular components of
reflectance that provide the input to determine the polarized components of
the complex dielectric constant.

Corrected spectra for each applied pressure are shown in Figure 3.15(a)
and Figure 3.15(b) for parallel and perpendicular component, respectively. It
can be noticed that the spectral range (1.8-3.5 eV) is reduced with respect to
the direct measurement reported in Figure 3.6 and Figure 3.8. As previously
observed, the experimentally determined corrections applied to the spectra
result in an increase of noise level, particularly in the high energy region. This
limits the range of reliability of the present study, preventing any analysis
beyond 3.5 eV.

After correction, a higher intensity and a different shape of the spectra
can be observed for both polarization. For the parallel component (Figure
3.15(a)), the effect of pressure, besides a red shift, is a clear broadening of all
transitions, with a progressive disappearance of the vibronic structure.

The structure at 3.5 eV observed in measured perpendicular reflectance
(Figure 3.8) disappears after correction, in the room pressure spectra but an
increase of intensity occurs upon applying pressure in the high energy region.
This behavior might be attributed to residual chain misalignment and/or to
a non perfect data reduction. Any of these effect is particularly evident for
this polarization of R due to its intrinsic low intensity. As a consequence,
the following discussion will be restricted to the region where perpendicular R
spectra exhibit the least spectral dependence.

Finally, attention should be paid in evaluating any spectral features lying
below the optical gap of PPV, in the transparency region. As a matter of fact,
the model used to obtain the dielectric constants does not take into account
multiple reflections arising from the back surface of PPV. Thus, any contri-
bution to reflectance below 2.2 eV and 2.4 eV for parallel and perpendicular
component, respectively, must be neglected. In this low energy range, T spec-

96



3.5. Corrected reflectance spectra
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Figure 3.15: Parallel (a) and perpendicular (b) reflectance spectra obtained
after the manipulations illustrated in Section 3.4.
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3. Inter- vs intra-chain interactions in highly oriented PPV

tra provide all information about the dependence of the absorption onset on
applied pressure.

Bearing in mind these observations, a thorough analysis of the behavior
of all spectral features of the parallel and perpendicular component of R, will
be carried out examining the corresponding dielectric constant and comparing
this findings with the parameters used in the fitting procedure.

3.6 A method to determine the dielectric con-

stants

A detailed analysis of the effect of pressure on the photophysical properties of
PPV concerning transition energies and broadening cannot arise directly form
measured spectra, though corrected to remove diamond-induced distortions.
The reason is that reflectivity includes contributions from both the real and
imaginary part of the refractive index, which describe a traveling wave and its
attenuation with distance, respectively. The physical process occurring when
light impinges on PPV is thus fully comprised in the dielectric constants of the
material, whose complex components represent the grounds of a meaningful
interpretation.

In order to determine the anisotropic optical constants of highly oriented
PPV, many methods can be employed. In [92] the complex dielectric con-
stant of highly oriented PPV was determined via a Kramers-Kronig (K-K)
transformation of reflectivity spectra joined with ellipsometry, while in [87] a
combination of K-K analysis and an interferometric method was used.

In the present work, due to the limited spectral range that could be de-
tected, a direct K-K analysis of the spectra is forbidden and a parametrization
procedure has been developed to determine the complex dielectric constants
(ε = ε1 + iε2) of PPV under applied pressure. The dielectric constants at room
pressure and outside the DAC of highly oriented PPV derived in [92] were
used as a starting point of the procedure. The imaginary part of the dielectric
constant (ε2) measure outside the DAC was expressed as a sum of Gaussians:

ε2 =
11∑
i

aie
[−(

pi−x

γi
)2]

(3.11)

where pi is the position of the i-th peak, ai is its height, and γi is related
to its half width at half maximum (HWHM) by:

HWHMi = γi

√
ln2 (3.12)

Form Equation (3.11), it is in principle possible to determine the real part
of the dielectric constant (ε1) using the Kramers-Kronig relations in Equation
(1.60). This gives:
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3.6. A method to determine the dielectric constants

ε1 − εinf =
2

π
℘

∫ ∞

0

x′

x′2 − x2
e[−( p−x

γ
)]dx′ (3.13)

Such an integral function, however, does not have an analytic form. There-
fore, we developed a parametric form of ε1, able to reproduce it over the desired
spectral range, without handling its exact integral form. This Kramers-Kronig
compatible function contains numeric coefficients set to values that mimicked
the real part of the dielectric constant calculated in [92], and takes the form:

ε1 = εinf + 0.63662
11∑
i

zi (3.14)

where εinf is the high frequency value of the dielectric constant and

zi =
1.876(q2

i − x2)aiqiγi

(q2
i − x2)2 + (1.876γi)2x2

+ 6.77aie
[−(

qi−0.05γi−x

1.3γi
)2] − 6.77aie

[−(
qi+0.05γi−x

1.3γi
)2]

(3.15)
being

qi = pi(1 + 0.225(
γi

pi

)2) (3.16)

The parameters pi, ai, and γi were fitted to determine the best values
according to a nonlinear least squares fitting routine for ε2. Consequently, ε1

was simulated using the same set of parameters.
Once ε2 and the parametric form of ε1 were known, the analytic expression

of the reflectivity spectrum at room pressure could be obtained through the
relation:

R =

√
ε2
1 + ε2

2 − ndia

√
2(ε1 +

√
ε2
1 + ε2

2) + n2
dia

√
ε2
1 + ε2

2 + ndia

√
2(ε1 +

√
ε2
1 + ε2

2) + n2
dia

(3.17)

Here ndia is the refractive index of diamond as reported in Wase Library.
In the spectral range of interest the dispersion of ndia can be expressed as:

ndia = 2.41396− 0.0291x + 0.01461x2 (3.18)

As a test for the procedure, Figure 3.16 shows the result for the parallel
component of R recorded outside the DAC, the whole method being applied for
both polarizations. The analytic form of R allows now the determination of the
dielectric constants for different applied pressures. Each reflectivity spectrum,
measured at a different applied pressure, can be fitted with Equation (3.17),
that includes both ε1 and ε2. The variables pi, ai, and γi contained in this
expression are the free parameters of the best-fitting procedure. Once the
suitable set of parameters has been determined for each applied pressure, it is
used to get the optical constant of PPV.
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3. Inter- vs intra-chain interactions in highly oriented PPV
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Figure 3.16: Parallel component of R at room pressure reproduced by a
Kramers-Kronig compatible analysis.

3.7 Data analysis

3.7.1 Anisotropic dielectric constants

Figure 3.17 shows the real and imaginary part of the dielectric constant (ε1

and ε2 in Figure 3.17 a and b, respectively) with polarization parallel to the
chain axis.

Applied pressure induces a red shift of both ε1 and ε2 and a broadening of
the vibronic progression, as previously observed for R spectra. In ε1 the lowest
energy peak occurs at 2.42 eV (512 nm) while the following peaks are at 2.58
eV (481 nm) and 2.77 eV (448 nm). The π− π∗ transition is detected in ε2 at
2.48 eV (500 nm) at room pressure, and it is followed by its vibronic replica
at 2.65 eV (468 nm) and 2.81 eV (441 nm).

In order to determine the rates of shift as a function of pressure of the
spectral features observed in the complex dielectric constants components, the
second derivatives of ε1 and ε2 were calculated (shown in Figure 3.18 a and b).
Here, the peaks in ε1 and ε2 correspond to minima. As pressure increases, the
π−π∗ (0-0) peak bathochromcally shifts of -4.4 meV/kbar as determined3 from
the corresponding minimum of d2ε2/dE2. This value is comparable, within

3The linear fit was performed up to 30 kbar, being the determination of the 0-0 peak less
reliable at the highest applied pressure.
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3.7. Data analysis
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Figure 3.17: Parallel component of the real (a) and imaginary (b) part of the
dielectric constant.
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3. Inter- vs intra-chain interactions in highly oriented PPV
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Figure 3.18: Second derivatives of the real (a) and imaginary (b) part of the
parallel dielectric constant.
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3.7. Data analysis

Figure 3.19: Shift of the parallel component of the 0-0 transition and its vi-
bronic replicas as a function of pressure. Peak positions are determined as
minima in d2ε2/dE2 (Figure 3.18). Linear fits are also shown, with the corre-
sponding slope values.

experimental error, to the previous findings from the analysis of R spectra
(Figure 3.6). Similarly, the shifts of the 0-1 and 0-2 vibronic replicas, shown
in Figure 3.19, can be obtained.

It can be noticed that the shift of the purely electronic transition is close,
but not identical, to those of its vibronic replicas. Discrepancies in the values
obtained are mainly due to the prompt disappearance upon applied pressure
of the vibronic replicas peaks and to the splitting of all the transitions into
a double structure (Figure 3.18) already at 22 kbar, which prevents a clear
determination of their spectral position.

An additional effect of pressure clearly detectable form Figures 3.17 is a
broadening of both the electronic transition and vibronic replicas. This effect,
also observed in R spectra (Figure 3.6), can be attributed to an enhancement
of inter-chain interactions as well as to el-ph coupling, as discussed in Section
3.3.2. A quantitative evaluation of the el-ph and inter-molecular interaction
will be provided when analyzing the fit parameters in Section 3.7.2.

The analysis of second derivative of ε2 allows a quantitave determination
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3. Inter- vs intra-chain interactions in highly oriented PPV
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Figure 3.20: Comparison between the shifts the minimum of d2ε2/dE2 (-4.4
meV/kbar) plus its broadening (1.33 meV/kbar) and the shifts the minimum
of d2ε1/dE2 (-5.87 meV/kbar).

of the broadening of the 0-0 transition. The half width of this peak can be
approximately evaluated subtracting the energy position of the zero intersec-
tion of d2ε2/dE2 (corresponding to the change in the slope of ε2) from that of
the following minimum (that is, the peak position in ε2). It is found that the
half width of the π − π∗ transition varies with pressure with a rate of +1.33
meV/kbar.

Within the Lorentz model, the energy of a transition, corresponding to a
peak in ε2, is related to the position of the peak of ε1 by its width. With
a similar analysis on the second derivative, the pressure dependence of he
minimum of d2ε1/dE2 is found to be -5.87 meV/kbar. This rate positively
compares with the shift of the minimum of d2ε2/dE2 (-4.4 meV/kbar) plus its
broadening (1.33 meV/kbar) for all applied pressures as shown in Figure 3.20.

An important effect of pressure can be noticed in the second derivatives of
both ε1 and ε2. As pressure increases, the minima corresponding to the elec-
tronic transitions highlight a double structure. This phenomenon, particularly
evident in d2ε1/dE2, can related to the modulation of inter-chain interactions
due to the reduction of the separation between neighboring chains. Indeed,
this solid state effect is a consequence of a Davydov splitting [1] due to the
peculiar crystal symmetry of PPV, with two chains per unit cell. The splitting
of the excitonic states is to be expected also at room pressure, and strongly
depends on inter-molecular interactions, as accounted for by theoretical ab ini-
tio calculation of the optical properties of PPV [81]. Though in this case a
double structure in the dielectric constants is not evident at room pressure, the
splitting becomes clearer and more pronounced when inter-molecular distances
are decreased as a result of the applied pressure. This aspect will be further
discussed when analyzing the fitting parameters used to obtain the dielectric
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Figure 3.21: Pressure dependence of the energies of the excited state molecular
vibrations estimated through the fitting parameters.

constants.

Finally, form ε2 in Figure 3.17, it is also possible to derive the values of
the Huang-Rhys factor S defined in Equation (1.89). S is a measure of the
coupling between electronic transitions and a phonon modes and it’s related
to the phonon frequency through the displacement of ground and excited states
minima of the potential energy. Figure 3.21 shows the ratios of the 0-1 to 0-0
area for each applied pressure. Upon changing the applied pressure, the Huang-
Rhys factor remains constant, with a value close to unity. This observation,
together with the previous findings on Raman spectra, where no new band was
detected upon applying pressure, further indicates that minor effects due to
el-ph interaction occur in the optical properties of highly oriented PPV.

It is interesting to compare this result with recent findings on P3HT [117].
A value close to one was found for dilute solutions of P3HT where the PL
spectrum was fit with a Franck-Condon model. For P3HT films, the 0-0 and
0-1 intensities could not be fit with a Franck-Condon progression and a model
of weakly interacting H-aggregate proposed. It was assumed S=1 for the film
as well, as obtained for non interacting planar polythiophene chains [118].

It is important to observe that the Huang-Rhys factor cannot be reliably
obtained form neither the absorption (α) nor the extinction (κ) coefficients.
This is particularly evident in highly oriented PPV, where the intensity ratio
of the 0-0 to 0-1 transition in these spectra changes dramatically compared to
ε2.

A similar analysis can be done also for the perpendicular polarization. The
complex dielectric constant derived for this polarization with the procedure
described in Section 3.6 is shown in Figure 3.23, while the corresponding sec-
ond derivative is in Figure 3.24. It is worth recalling that, due to the low
intensity of R spectra for this polarization, the perpendicular component of ε
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Figure 3.22: Absorption coefficient α (a), extinction coefficient κ (b), and
imaginary part of the dielectric constant (c).

are intrinsically affected by a grater uncertainty than the parallel counterparts.
In particular, in both ε1 and ε2 two structures can be detected around 2.5 eV.
that reflect the behavior of R perpendicular and are thus likely to be due to
chain misalignment. This attribution is confirmed by their shift rated with
applied pressure (Figure 3.25), very close to that of the parallel component of
the π − π∗ transition (Figure 3.9).

It can be notice that the behavior of ε2 as a function of pressure is very
different with respect to the other polarization (Fig. 3.11b). In particular,
while the parallel component of ε2 (Figure 3.17) at high energies decreases
with increasing pressure, the perpendicular component of ε2 shows a strong
enhancement. This means that, at high energies, transitions polarized along
the chain axis are hindered, those with perpendicular polarization gain inten-
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Figure 3.23: Perpendicular component of the real (a) and imaginary (b) part
of the dielectric constant.
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Figure 3.24: Second derivatives of the real (a) and imaginary (b) part of the
perpendicular dielectric constant.
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3.7. Data analysis

Figure 3.25: Shift of the perpendicular component of the 0-0 transition as
a function of pressure detected in ε1 and ε2. Peak positions are determined
as minima in d2ε2/dE2 (figure 3.18). Linear fits are also shown, with the
corresponding values of the slopes.

sity. A particularly interesting physical interpretation of this will be discussed
in terms of oscillator strength in Section 3.7.3.

3.7.2 Analysis of the fit parameters

The previous analysis of the second derivatives of the dielectric constant pro-
vided information on the pressure dependence of the main spectral features
such as the lowest energy electronic transition and its vibronic replicas. How-
ever, though overall correct pressure dependencies were achieved, the details
of the individual states were lost. Further insight on the role of intermolecular
interactions can be gained considering the behavior of the fitting parameters
characterizing each curve describing the electronic and vibronic transitions
upon applied pressure. As a matter of fact, 11 Gaussians were used to sim-
ulate ε2 with the parametrization procedure described in Section 3.6. The
number of Gaussians (hence the number of fitting parameters) was chosen to
be the minimum allowing to mimic R for each applied pressure. In the follow-
ing, we will analyze the pressure dependencies of the best-fit parameters for
the parallel component only, whose reliability allows a deeper and meaningful
interpretation of the detailed spectral features here discussed.
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3.7. Data analysis

As described in Section 3.6, each R spectrum recorded at a specific pressure
was fitted using a parametric form. The sets of parameters reproducing R
allowed to obtain the dielectric constants for each applied pressure. Since ε2

was expressed as a sum of 11 Gaussians (Section 3.6), these parameters will be
referred to as belonging to the i-th curve, where i goes form 1 to 11 in order
of increasing energy.

Recalling the remarks concerning the reliability of the spectral range (Sec-
tion 3.4), we limit the present study to those parameters describing the energy,
area, and width of the Gaussians corresponding to the 0-0, 0-1, and 0-2 tran-
sitions. Six out of the eleven Gaussians will be taken into account, that can
be separated into three pairs.

Figure 3.26 shows the pressure dependence of the parameters pi (i = 1 ÷
6) corresponding to the energy positions of the i-th peak of the Gaussian in
ε2, of γi, which refers its width, and of aiγi evaluating the area underneath
each curve. It’s worth noticing that two curves, not just one, were necessary
to reproduce the π − π∗ transition and its vibronic replicas, even at room
pressure. This requirement becomes more and more pressing upon increasing
hydrostatic pressure. We interpret this fact as a proof of the existence of
intermolecular interactions, in agreement with the previous findings on the
second derivative analysis of ε2 (Section 3.7.1), where a Davydov splitting of
the electronic transition was suggested.

As pressure increases, the values of pi with i = 1, 2 move towards lower
energies with dissimilar shift rates, being the shift of p2 greater than that
of p1. Moreover, the subtended areas tend to balance for higher pressures
and both curves became broader. In Figure 3.26 it is clear that at room
pressure, the purely electronic transition 0-0 is mostly entirely due to the high-
energy Davydov transition (p2). When applied pressure increases, the oscillator
strength of the lower-energy transition (i = 1) increases at the expense of
the higher one (Figure 3.26). As a result of pressure, the splitting occurring
between the two Davydov components describing the 0-0 peak becomes more
pronounced when inter-chain spacing is reduced, confirming the major role of
inter-chain interactions in highly oriented PPV. The role of inter-chain coupling
in PPV (in both isolated chain and crystalline packing) investigated with ab
initio calculations of the optical properties for [52], showed that the lowest
correlated states of the PPV crystal involve more than one chain and are very
dependent on crystal structure. In particular, due to inter-chain interactions
and symmetry effects, the lowest electronic excitation is a dark exciton, which
is optically inactive but provides a nonradiative decay path. These results are
consistent with the findings on oriented PPV presented here.

The strength of the inter-chain coupling, as estimated from the Davydov
splitting, amounts to about 100 meV at 50 kbar. In this respect, it is interesting
discussing a recent study on regioregular poly(3-hexylthiophene) P3HT [117], a
highly ordered material characterized by a lamellar structure. Here, a weakly
interacting H-aggregate model was proposed to explain the variation of the

111



3. Inter- vs intra-chain interactions in highly oriented PPV

relative absorbance of the 0-0 and 0-1 vibronic peaks and to extract a mag-
nitude of the intermolecular coupling energy of approximately 5 and 30 meV,
depending on the solvent.

The results described so far for oriented PPV might suggest that an in-
crease of inter-chain coupling causes a transition from an H-type (where the
0-0 transition is allowed) towards a J-type aggregate (where the 0-0 transition
is forbidden). As a speculation, this change could be ascribed to a geometri-
cal re-arrangement of adjacent chains, which modifies the interaction between
them. However, drawing such a similarity is not straightforward: the nanomor-
phologies of the two material are rather different, and do not allow any simple
comparison. Furthermore, any other evidence corroborating the idea a ”phase”
transition occurred due to applied pressure (for instance, x-ray diffraction), is
still lacking.

Observations similar to those for the purely electronic transition hold true
for the second vibronic replica (0-2), which corresponds to peaks i=5, 6. In-
stead, the parameters pi (i = 3, 6) relative to the first replica, red shift upon
applying pressure in a similar fashion. The splitting observed for the purely
electronic transition is not clear for this vibronic replica, which is strongly af-
fected both from lower and higher energy Gaussians reproducing neighboring
transitions.

A comparison with the previous findings can be made considering the be-
havior of each pair as a whole. This can be done computing the total subtended
area as the sum of the single curve area. The total area can then be used to
weight the energy peak positions of 0-0, 0-1, and 0-2 and to calculate the
HWHM as follows:

p(0− n) =
piaiγi

aiγi + ajγj

+
pjajγj

aiγi + ajγj

(3.19)

A(0− n) = aiγi + ajγj (3.20)

HWHM(0− n) = HWHMi
aiγi

aiγi + ajγj

+ HWHMj
ajγj

aiγi + ajγj

(3.21)

where n is either 0, 1, or 2, HWHMi is given by Equation (3.12), and i and
j refer to either of the two Gaussians reproducing each transition. The results
are reported in Figure 3.27. The weighted peak positions and HWHM of both
the electronic transition and its vibronic replicas confirm that a red shift and
broadening occur when pressure increases.

We can now exploit the pressure dependence of the fitting parameters to
evaluated both Wel−ph and Winter. According to Kasha [114] we evaluate
the electron-phonon coupling with the phonon energy, namely subtracting the
energy of the peak p1 from that of p3. The el-ph bandwidth as a function
of pressure is reported in Figure 3.28. It is more difficult instead to find
Winter, which is hidden underneath the full width half maximum of the 0-0
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Figure 3.27: Weighted positions (lower panel), total area (middle) and
weighted HWHM (upper panel) of the parameters corresponding to 0-0, 0-
1, and 0-2 transitions.
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Figure 3.28: Pressure dependence of the el-ph and inter-chain interactions
bandwidth.

line and its inhomogeneous broadening. A hint to solve such a problem comes
from the analysis of the fitting parameters so far described, noticing that the
R parallel spectrum is best fitted when the dielectric function is composed
by two oscillators for each peak of the vibronic progression. We assume the
separation of these two oscillators for the 0-0 peak of ε2 as the value of Winter.
The result is also shown in Figure 3.28.

At room pressure we get Wel−ph = 0.18 eV and Winter = 0.035 eV. Then, at
room pressure, Winter/Wel−ph=0.19, implying a weak coupling regime. Upon
increasing pressure, from the hardening of phonons, we can derive Wel−ph ∼
0.23 while Winter is strongly enhanced up to a value of 0.113 eV, which re-
sults in Winter/Wel−ph= 0.5 i.e. a weak/intermediate coupling regime. The
evolution with applied pressure of such a ratio is reported in Figure 3.29. As a
consequence, we deduce that upon applying pressure, intermolecular interac-
tions play an incresingly important role being responsible for broadening in the
optical spectra of the parallel polarization, even though a contribution from
el-ph coupling cannot be completely ruled out. In particular, evidence of inter-
chain interaction is found in the existence of a double structure underneath
each transition in the parallel component of ε2
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Figure 3.29: Pressure dependence of the ratio between the el-ph and inter-chain
interactions bandwidth.

3.7.3 Oscillator strength

Additional information on the electronic structure of oriented PPV can be
obtained by discussing the oscillator strength for parallel and perpendicular
polarized transitions. Within the quantum theory of absorption and disper-
sion, the sum rule for the oscillator strength of optical transitions in a solid is
provided by Equation (1.64):

m

2π2Nce2

∫ ωx

0

ωε2(ω)dω = f(ωx) (3.22)

where C is the carbon atom density (sixteen in an orthorhombic crystal-
lographic cell 8.07x5.08x6.54 Å3) [119], e the electronic charge, m its mass.
Equation (1.64) relates the optical constants with the oscillator strength f of
the optical response within the frequency x. The plots of the oscillator strength
as a function of x are reported in Figures 3.30(a) and 3.30(b) for the parallel
and perpendicular polarization, respectively.

Even though a complicate mathematical treatment has been done on the
rough data in order to obtain ε2 and then some approximations are implicit
in our spectra, Figure 3.30(a) clearly indicates that for the parallel component
an isosbestic point occurs around 2.75 eV (451 nm). The oscillator strength
for electronic transitions having energy up to the isosbestic points is conserved
for all pressures with a different spectral spread. At room pressure, when the
system is closer to a single chain behavior, the oscillator strength is achieved
with a sharp structure. Upon increasing pressure the same oscillator strength
is distributed in a wider spectral range due to red-shift and broadening of tran-
sitions. For photon energies above the isosbestic point, the oscillator strength
decreases upon applying pressure. Very different is the case of the perpen-
dicular polarization (Figure 3.30(b)). Even though for this component of the
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Figure 3.30: Oscillator strength derived by numerical integration of parallel
(a) and perpendicular (b) components of ε2.
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optical constant, the role of approximation used in the data reduction is more
relevant, an unambiguous trend is observed. The oscillator strength increases
upon increasing applied pressure. Since the overall oscillator strength should
be preserved, we deduce that an oscillator strength transfer from parallel to
perpendicular polarization occurs, in particular for the highest energy spectral
range. We interpret this transfer as an evidence of the effect of intermolecu-
lar interactions, which increase the system dimensionality. These data clearly
show that applied pressure modifies the electronic structure of PPV giving
rise to new dipole allowed transitions having a different polarization, namely
parallel below the isosbestic point and perpendicular above it. We notice the
internal consistency of our data, for which the overall oscillator strength (calcu-
lated as parallel plus two times perpendicular) is lower than one. The oscillator
strength lacking to reach the value 1, which indicates the contribution of all
the carbon π-electrons, can be due in part to the approximations used but
in particular to the limited spectral range analyzed with quantitatively reli-
able anisotropy. As a matter of fact, π-electrons in PPV derivatives give rise
to optical transitions up to 6-7 eV [84, 92, 120–122]. Comparison with theo-
retical calculations are at present very difficult since ε2 spectra are reported
only for molecular crystals like fluorene [123] or para-terphenyl [124] in their
different phases. No anisotropic imaginary part of dielectric constant spec-
tra or oscillator strength data have been so far reported. It is also difficult
to extrapolate from molecular crystal calculations any information for corre-
sponding polymers due to both different crystallographic structures and role
of conjugation length, which was qualitatively elucidate by quantum chemical
calculations [125,126].

3.8 Conclusions

In this Chapter, we described and discussed the effect of a hydrostatic pres-
sure on the optical properties of oriented PPV. Different spectroscopic tech-
niques were employed to study the variation induced by tuning inter-chain
interactions. Raman scattering allowed to prove that minor effects due to the
pressure-induced extension of conjugation length occur and that order in ori-
ented PPV is not significantly improved by pressure. Thus, we conclude that,
while usually the main effect of pressure in amorphous polymeric systems have
an intra-molecular origin, in our case main effects seems to be due to inter-
molecular interactions, which bathochromically shift the π − π∗ transition.

The development of a suitable optical model allowed to obtain form re-
flectance spectra the complex dielectric function of oriented PPV for all ap-
plied pressures. A careful analysis of the dielectric constants shows that for
parallel polarization electronic transitions below 2.75 eV gain intensity while
those at higher energies show a reduced oscillator strength. For perpendicular
polarization, a generalized increase of oscillator strength in observed in all the
spectrum indicating that this component is not only due to chain misalignment
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but also to intermolecular interactions. The broadening of vibronic progression
has been qualitatively assigned to a splitting of electronic states due to inter-
molecular interactions even though a not negligible contribution form el-ph
interaction in the intermediate coupling regime have to be considered.
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Chapter 4
Pump/probe spectroscopy on
MEH-PPV under pressure

In this Chapter, a study of the effects of high pressure on the photophysical
properties of a soluble substituted of PPV, namely MEH-PPV, is presented.
Continuous-wave photoinduced absorption spectra allow to probe the pressure
dependence of long-lives species such as triplet exciton and trapped polarons.
The influence of pressure on the emission properties of MEH-PPV and on the
triplet lifetime was also monitored. The primary photoexcitation in MEH-PPV
and their behavior as a function of pressure were recorded using an ultrafast
two color laser system. Polaron generation and singlet exciton transition were
measured with a time resolution of 150 femtosecond in the IR spectral region
with a probe energy ranging from 0.28 to 1.10 eV.

4.1 Introduction

Photoexcitations in conjugated polymers in general and PPV-based systems
in particular have been extensively studied by both experiment and theory.
Despite the general consensus that the primary photoexcitations in dilute so-
lutions are intra-chain singlet excitons [17–20], the nature of the elementary
species in films is still widely debated [21]. The controversy concerning the
origin of the primary photoexcitations reflects the lack of understanding of in-
teraction between adjacent polymer chains. A wide variety of possible species
(labeled as excimers [10–12], aggregates [13, 14], polaron pairs [15, 16], and
exciplexes [10]) has been proposed to explain the differences between the op-
tical spectra of dilute solutions (where excitations are expected to have an
intra-chain character) and thin films.

One controversy in particular, concerns the underlying mechanism of charge
carrier (polaron) photogeneration (PG) in MEH-PPV. Sheng et al. have shown
that in films [127] a relatively weak transient photoinduced absorption (PA)
band in the mid-IR spectral range (∼ 0.4 eV) is instantaneously generated
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along with the PA band of the singlet excitons (at ∼ 0.9 eV). The 0.4 eV
band was assigned to photogenerated polaron-pairs on neighboring chains
based on the peak position and associated with charge excitations on the
chain due to some correlation with photoinduced infrared active vibrational
(IRAV) modes [128]. The reduction PL quantum efficiency, as well as various
nanoprobe images [24], allowed to deduce that the degree of inter-chain inter-
action in MEH-PPV films sensitively depends on the solvent used in casting
the film. It was subsequently found that film nanomorphology deeply influ-
ences the PG efficiency of the polaron species in MEH-PPV films [127]. It can
thus be concluded that carrier PG mechanism in PPV polymers depends on
the chain packing in the solid state [127]. Figure 4.1 recalls the primary pho-
toexcitations occurring in MEH-PPV within their respective manifolds. Their
spectral signatures, also shown, will be discussed throughout the Chapter.

Although all mentioned observation point out the crucial role played by
inter-chain interactions in the formation of photoexcited species, a direct demon-
stration that charge PG in polymer films mainly depends on intermolecular
coupling is still missing. Variations of the optical properties depending on
the processing history (choice of the solvent or thermal annealing) of both the
film and the solution from which it is cast do not allow a straightforward ra-
tionalization. Indeed, the strong dependence of the photo-generated species
on the peculiar film morphology is the origin of many contradictions between
literature data. For instance, estimations of the fraction of photoexcitation
that result in inter-chain species range from practically zero [22] to 90 % [23].
Furthermore, a clear description of the role of inter-chain interaction on the
polymer photophysics in the solid state, such as aggregates formation, charge
transport and exciton migration, is still lacking.

The formation and nature of inter-chain species are critical issues for device
design and optimization. Although charge transport might benefit form inter-
chain coupling, the presence of weakly emissive inter-chain states may lead to
significant PL quenching in films. In particular, device efficiency may depend
on the ratio η of charged (polarons) to neutral (excitons) photoexcitations
following photon absorption. Specifically, solar cell and solid-state photode-
tectors are improved if η is large. In contrast, for OLEDs it is preferable to
use polymers with small.

It is thus obvious that the role intermolecular coupling is fundamental in
order to establish the nature of the primary photoexcitations in conjugated
systems, and to determine their influence on emission properties. Although
a variety of optical probes have been applied to the class of π-conjugated
polymers for over two decades, in the majority of previous studies, tuning of
the intermolecular interaction in the material has often relied upon chemical
modifications (variation of side groups length), or modified film processing con-
ditions (solvent or thermal treatment) [24]. Applying hydrostatic pressure is
instead a clean, simple method to probe intermolecular interactions of a mate-
rial for a range of intermolecular distances without such alterations. Previous
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Figure 4.1: Primary photoexcitations occurring in MEH-PPV within their
respective manifolds.

high pressure optical studies of π-conjugated polymers used optical absorp-
tion and reflection, photoluminescence, Raman scattering and transient and
continuous wave (cw) photomodulation [79,129–137]. Since pressure enhances
intermolecular interactions and also changes intramolecular conformation (such
as planarization, for example [131–133]), it has been difficult to separate these
two effects [136]. This is especially true since cw spectroscopies mainly probe
the lowest lying available states in the polymer chains, thus missing the direct
pressure effect on the primary photoexcitations, which might be more sensitive
to high pressure.

4.2 Steady state spectroscopy

4.2.1 Photoluminescence

When a polymer is photoexcited with an energy within the absorption band,
the excition that forms may decay either radiatively, via symmetry allowed
transitions, or non radiatively. In the former case, typical emission spectra
exhibit a clearly resolved vibronic progression. Vibronic structures are instead
usually absent in absorption spectra of disordered polymers, where inhomoge-
neous broadening due to a distribution of conjugation lengths leads to a broad
and featureless optical absorption. On the other hand, emission originats solely
form the lower energy chain segments, with longer conjugation length. It is
Stokes shifted with respect to absorption and has a reduced inhomogeneous
broadening, showing a well resolved vibronic progression. This is the case for
MEH-PPV, whose photoluminescence spectrum at 300 K and 30 K is shown
in Figure 4.2.

In the room temperature PL spectrum, the 0-0 electronic transition and
its 0-1 and 0-2 vibronic replicas are detectable, and located at 2.05, 1.96, and
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Figure 4.2: Room (open symbols) and low (solid symbols) temperature PL of
a film MEH-PPV at room pressure.

1.80 eV, respectively, as determined with a Gaussian fitting. PL is dominated
by the 0-1 vibronic transition.

Low temperature PL is red shifted with respect to the room temperature
spectrum by 40 meV, owing to the suppression of thermal disorder at low
temperatures. Moreover, the spectrum shows clearly resolved spectral features
corresponding to the 0-0, 0-1, and 0-2 vibronic transitions, positioned at 2.01,
1.87, and 1.70 eV, respectively.

Figure 4.3 shows the PL spectrum of MEH-PPV for different applied pres-
sures. A strong reduction of PL can be observed both at room and low temper-
ature (Figure 4.3(a)). In particular, at 30 K PL intensity deceases by 60% form
4 to 51 kbar1. PL quenching is indeed a dramatic effect of pressure observed
in polymers, both in the amorphus and crystalline phase [79, 130, 138, 139].
Various possible mechanisms are evoked to account for the decrease of PL
intensity. An increase of the exciton mobility to quenching sites due to the
improved degree of conjugation that facilitates the motion of the exciton along
the polymer chain was suggested to contribute to both the red shift and de-
crease of PL in polythiophene [130] and m-LPPP [140]. In sexithiophene single
crystals PL quenching was attributed to the decay of the primary photoexci-
tations into non emissive inter-chain species [139]. Variations in PL quantum
yield were already observed in MEH-PPV and related to different chain confor-

1PL intensity fluctuations in the room temperature spectra are likely to be due to laser
instability.
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mations depending on the specific solvent used [141]. Photoluminescence and
wavelength-dependent excitation indicated formation of aggregates in MEH-
PPV. The overall PL quantum yield was found to depend both on polymer
conformation and on aggregation due to polymer concentration.

It is important to notice that in the spectra of Figure 4.3, not only PL is
quenched, but in addition it also gradually loses the 0-0 phonon satellite at high
pressures. This indicates that the 0-0 transition changes its symmetry with
pressures. Such a symmetry change indicates that the PL at high pressures
originates from aggregates that are formed in the film, where the 0-0 transition
is strictly forbidden in case of H-aggregates [142]. Aggregates formation in
solution was already observed in MEH-PPV [141] and recently it has been
suggested [143] that aggregates act as shallow traps for both electrons and hole,
serving as non-radiative recombination centers in MEH-PPV light emitting
diodes. Since the cw photophysics is sensitive to the lowest state available, we
believe that the PL at high pressures are from excitons trapped in aggregates
that are formed due to the increased inter-chain interaction.

A clear red shift of PL is observed both at room and low temperature and
can be estimated determining the center at half maximum of each PL spectrum
as a function of pressure. A non linear dependence of the center of PL was
previously found for MEH-PPV in [138], where the PL energy decrease with
pressure was fit with a quadratic function (EPL = −11P + 0.11P 2, being EPL

expressed in meV and P in kbar). The pressure dependence of the center of
PL is shown in the insets of Figure 4.3(a) and 4.3(b), along with a quadratic
function (EPL = −10P +0.11P 2), close to the one previously found in [138]. A
linear fit (∼ −2 meV/kbar) of the data is also reported, which helps comparing
the red shift of PL for MEH-PPV to that of other polymers.

A linear pressure dependence of PL was indeed found for different polymers
such as polyacetylene [89], polythiophene [130], m-LPPP [132], PHP [73], with
values ranging form 2 to 6 ∼meV/kbar. Higher pressure dependencies are
usually observed for polymers with non planar configurations. The observed
pressure induced red shift of PL is explained as a superposition of several ef-
fects. Conformational changes deriving from planarization of the backbone
chains increase the overlap between π-electron orbitals, thus decreasing the
HOMO-LUMO gap. The decrease of the absorption band gap as a consequence
of enhanced inter-chain interactions and its relation with PL red shift have
been investigated both theoretically [126] and experimentally [83, 130, 132].
Though in disordered polymer, this intra-chain contribution to the red shift
is dominant, a reduction of the band gap is also related to a greater over-
lap between adjacent chains, which is enhanced by pressure. In this respect,
Raman spectroscopy proves to be a valuable tool to monitor both the harden-
ing of vibrational modes and geometrical modifications of the polymer under
pressure. However, the weakness of the Raman signal compared to the strong
luminescence possessed by a huge class of conjugated systems prevents the
measurement of Raman scattering. This is the case for MEH-PPV, whose
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(a) 300 K. Quadratic function: EPL=-10P+0.11P2. Linear functions:
EPL= -2.76 P, where EPL is in meV and P is in kbar.
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(b) 30 K. Quadratic function: EPL=-10P+0.11P2. Linear functions:
EPL= -2.22 P, where EPL is in meV and P is in kbar.

Figure 4.3: PL of MEH-PPV at 300 K and at 30 K for different applied
pressures. The inset shows the pressure dependence of the PL center along
with a linear fit.
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strong emission over a wide spectral range (1.6 - 2.1 eV) reported in Figure
4.2, masks the Raman signal.

4.2.2 Cw photoinduced absorption under pressure

As described in Chapter 2, in a cw PA experiment the pump beam which
photoexcites the sample is a cw laser modulated by a mechanical chopper.
These measurements allow to probe the long-lived photoexcited species, their
time scale being of the order of ms for the in-phase component2. The photoin-
duced fractional change in transmission, ∆T/T is a modulated signal detected
with a lock-in amplifier. For thin films, and when reflectivity can be neglected,
∆T/T ≈ −d∆α (d is the sample thickness, and α is absorption), thus the mod-
ulated signal provides information about the density of photoexcited states.

In this Section the effect of pressure on the long-lived species photogener-
ated in MEH-PPV by the pump laser is presented and discussed.

Figure 4.4 shows both the in and out-of phase components of the cw PA
signal for MEH-PPV film drop cast onto a sapphire substrate. Measurements
were performed both at room and low temperature. The in-phase component is
dominated by a strong PA band peaked at 1.46 and 1.38 eV at 300 K and 30 K
respectively. This band arises from the lowest triplet exciton transition T1 [144,
145]. Moreover, it can be notice that a transition is barely detectable around
0.4 eV in the room temperature spectrum in Figure 4.4(a). The presence of
such a band (P1) can be related to a thermally-induced generation of polarons,
trapped by defects along the chains. Formation of trapped polarons can also be
obtained via photo-oxidation, with prolonged UV illumination of the sample
[132,146]. No band corresponding to polaron transition is instead observed in
the low temperature measurement Figure 4.4(b).

Cw PA spectra of MEH-PPV for different applied pressures are shown in
Figure 4.5 at both room and low temperature.

The triplet exciton transition T1 characterizes both room and low tempera-
ture spectra for different applied pressures. The initial and final states involved
in this transition and its spectral signature are schematically depicted in Figure
4.1. Figure 4.5 shows that the triplet PA band (T1) at ∼ 1.38 eV at both 30
K and 300 K red-shifts and intensifies with increasing pressure. A red shift of
∼ −2.4 meV/kbar can be estimated for T1, in agreement with that measured
for other polymers [139]. For instance, a red-shift of the lowest triplet exciton
due to applied pressure was observed in m-LPPP [132] and it was suggested
to be related to the higher degree of conjugation due to the stronger overlap
of π-electrons along the backbone chains, i.e. a higher degree of planarity
or shorter inter-ring bonds. However, it has been shown that lowest triplet
exciton T0 (not shown in the diagram in Figure 4.1) is localized on a single
monomer [147], and therefore the energy level 13Bu is not expected to undergo
significant changes with pressure. The observed red-shift of T1 can be thus

2Much longer lived species can be probed through the out-of-phase PA signal.
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Figure 4.4: Room pressure cw PA spectra at different applied pressures, mea-
sured at 300 K (a) and 30 K (b).
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interpreted as a result of aggregate formation. Since the energy of the level
13Bu does not change much with pressure, the shift of the T1 transition reflects
the pressure induced changes of the final state, labeled m3Ag in Figure 4.1.

While T1 is the only band detectable in cw PA spectra at 30 K, another
transition is observed at room temperature around 0.4 eV, where the triplet PA
is significantly reduced (Figure 4.5(a)). This feature arises form defect-induced
polarons. No polaron band is instead detectable for any of the applied pressures
at 30K (Figure 4.5(b)), suggesting temperature plays a role in their formation.
A reversible mechanism for polaron generation in pristine MEH-PPV films was
proposed in [146] in which prolonged UV illumination transforms cis native
defects in the polymer chains into metastable deep traps that substantially
increase the photogenerated polaron lifetime in the film.

The spectral position and intensity of the polaron band P1 (Figure 4.5(a)
4.6) seems to be rather independent on pressure. In fact, P1 is a broad transi-
tion, extending up to 0.2 eV [148]. Due to the spectral range in Figure 4.5(a)
limited by transmission intensity, a clear pressure dependence of P1 can’t be
derived form cw PA spectra. We note however that the cw PA spectrum of
pristine MEH-PPV films does not show polaron excitations [149]. Neverthe-
less P1 band is still formed and dominates the IR range at high pressures. We
therefore conclude that the polaron PG quantum efficiency increases due to
the increased interchain interaction at high pressure. This is directly verified
below using transient spectroscopy (Section 4.3).

Close inspection of the P1 band (Figure 4.6) reveals a sharp dip, or anti-
resonance (AR) that develops at ∼ 0.36 eV (∼ 2800 cm−1), close to the fre-
quency of the IRAV C-H stretching on the alkoxy group in MEH-PPV [150] 3.
This indicates that the AR feature originates from Fano-type quantum inter-
ference between the broad P1 band and the narrow IRAV absorption line [128].
The appearance of this IRAV as a bleaching, due to a Fano-type anti-resonance,
was already observed in other polymers. For instance, an ordered form of poly-
diacetylenes (polyDCHC) [151] shows photoinduced IRAV modes affected by
Fano coupling between electronic and vibrational states. More recently, Fano-
type AR was observed in regio-regular polythiophene (rr-P3HT) [152], which
is known for its lamellae structure (and thus has increased inter-chain interac-
tions). This similarity, supports the existence of aggregates in MEH-PPV at
high pressure suggested to explain the behavior of PL as a function of pressure
(Section 4.2.1). Indeed, a Fano-type AR, which also develops in the transient
PA spectra (Section 4.3), is indicative that applied pressures increases el-ph
coupling.

3These modes were used for pressure calibration as described in Chapter 2. A complete
characterization of the IR vibrational modes of MEH-PPV is given in [148].
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4. Pump/probe spectroscopy on MEH-PPV under pressure

(a) 300 K.

(b) 30 K.

Figure 4.5: Transient photomodulated spectrum of MEH-PPV at room and
low temperature. Positive (-∆T/T) represents the signal component in phase
with the chopped pump beam, while negative (-∆T/T) is the quadrature, or
out-of-phase component.)
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4.2. Steady state spectroscopy

Figure 4.6: Mid-IR photoinduced absorption spectra of MEH-PPV at 300 K
emphasizing the polaron band P1 where the AR feature is assigned.

4.2.3 Frequency dependence response

The study of the PA dependence on the modulation frequency ω and on the
pump intensity I provides information on the lifetimes τ of the metastable
states and on their recombination mechanisms. It is known [70] that in steady
state conditions, the PA signal scales linearly with the laser intensity for
photoexcitations which recombine monomolecularly, while for species with bi-
molecular recombination, a square-root dependence is expected. In this Sec-
tion, the recombination kinetics of the triplet exciton of MEH-PPV are stud-
ied, through the frequency dependence response of the polymer in the spectral
range from 1.3 to 1.5 eV. The laser intensity was kept constant during the
measurements.

Due to greater signal intensity, reliable results were obtained at low tem-
perature only. The frequency response of T1 at 30 K is shown in Figure 4.7
and the lifetime for each applied pressure was determined from least-squares
fit to the function:

∆T (ω) = Gτ [1 + (iωτ)α] (4.1)

where G is the generation rate amplitude, α < 1 is the dispersion parame-
ter, τ is the average lifetime, and ω = 2πf [149]. For monomolecular processes,
τ is independent on G, while for bi-molecular processes, its dependence on G
can be assumed of the form τ = (Gb0)

1/2, being b0 a mean recombination rate.
Triplet lifetime τ versus pressure can be fit by a linear function with a

slope of -1.97 ns/kbar (Figure 4.8). From the fits we conclude that there is
a significant decrease in τ at high pressure, indicating that a higher exciton
diffusion is accompanying the increased interchain coupling. In general, the
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Figure 4.7: Modulation frequency dependence data and least-squares fit of the
triplet exciton T1 (1.3 - 1.55 eV) of MEH-PPV for different applied pressures
at 30 K.

-1.97 ns/kbar

Figure 4.8: Pressure dependence of the triplet exciton lifetime τ .
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4.3. Ultrafast pump/probe spectroscopy

steady-state PA intensity is given by the relation PA ∼ ILητ , where IL is the
absorbed laser intensity in the film, and η is the PG quantum efficiency [136].

As illustrated in the previous Section, T1 doubles its intensity at high
applied pressures. At the same time, its lifetime τ decreases with pressure.
Based on the above relation, we conclude that η for triplet excitons increases
at high pressure. We do not expect that the intersystem crossing (ISC, Figure
4.1) rate would change at high pressure, thus we attribute the increase in η
simply to longer lived singlet excitons at high pressure that are available when
the intersystem crossing time sets in.

4.3 Ultrafast pump/probe spectroscopy

The majority of the previous studies of intermolecular coupling in π-conjugated
polymers exploits steady-state techniques which provide only limited informa-
tion on the dynamics of long-lived photoexcited states. Combining the use of a
DAC to apply pressure with ultra-fast transient spectroscopy is in fact rather
challenging form the experimental point of view. It offers nonetheless a unique
opportunity to clarify the photophysics of these materials, giving direct access
to the pressure dependence of the photoexcitations generated instantaneously,
i.e. within a hundred of femtoseconds form the pump pulse. To our knowledge,
ultrafast spectroscopy was used to investigate the influence of intermolecular
interaction through only in sexithiopene single crystals [133]. In particular,
time-resolved PL under pressure showed that the pressure-induced quenching
of the photoluminescence is caused by an ultrafast formation of intermolecular
species, but negligible changes of the exciton lifetime were observed. It was
suggested that reducing interchain distance enhanced generation of polarons
due to the stronger intermolecular character of the primary excitations which
facilitates electron-hole separation, and, on the other hand, reduced the prob-
ability for the excitons to relax towards the lower Davydov levels, from which
light emission occurs.

The two-color laser system described in Chapter 2, Section 2.3.3 allows
to measure transient photoinduced absorption spectra of MEH-PPV films un-
der pressure within a temporal resolution of ∼120 fs. In the following, The
transient photomodulated (PM) spectra of MEH-PPV for different applied
pressure are discussed. The dynamics of the primary photoexcitations in the
IR energy range help distinguish between different species and provide infor-
mation on their temporal evolution as a function of pressure. Finally, it is
shown how to gain information on longer lived states though the background
that accumulates for each in-phase spectrum detected.

4.3.1 Transient photoinduced absorption

Figure 4.9 shows the transient photomodulated (PM) spectrum of a MEH-PPV
film cast from toluene solution at t=0. It contains two bands at 0.35 and ∼1
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Figure 4.9: Transient photoinduced absorption of a MEH-PPV film cast form
toluene solution and deposited onto a sapphire substrate. P1 and PA1 refer to
polaron and exciton, respectively.

eV, corresponding to the primary photoexcitations in MEH-PPV films. The
photoinduced band at 0.35 eV, named P1, has been ascribed to free polaron
absorption [127] (Figure 4.1). It is interesting to notice that such a band is
not apparent in PA spectra of MEH-PPV in solution as well as in films with
weak inter-chain interactions, such as DOO-PPV [127]. Also, P1 was proved
to be strongly affected by the peculiar nanomorphology of the film, which in
turn depends on the specific process (solvent, thermal treatment...) used to
obtain the film [127].

The photoinduced absorption band PA1 at 1 eV in Figure 4.9 has a contro-
versial interpretation. While it is well established that in systems with poor
inter-chain interactions, this band PA1 originates form the 1Bu optical exci-
tion, in films the nature of this PA band is still widely debated. In [23] PA1

has been assigned to polaron pairs (Chapter 1), while in a recent paper [153] it
is attributed to excimers. According to the latter assignment, the P1 absorp-
tion is form the lowest excimer to the lowest polaron pair. The influence of
inter-chain interactions on the PA spectra was calculated [153] from an Hamil-
tonian including both intra and inter-chain transfer integral. It was concluded
that the lowest excited state of a system composed by two coupled chains is
an excimer or inter-chain charge transfer exciton. Indeed, while, in the single
chain, PA1 corresponds to the transition from the 1Bu to the mAg, the initial
and final states of PA1 absorptions in the two-chain systems are both excimers.
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4.3. Ultrafast pump/probe spectroscopy

Figure 4.10: Transient photoinduced absorption spectra at t=0 for MEH-PPV
film at the respective pressures: 3 kbar (circles); 24 kbar (up triangle); 34 kbar
(left triangle); 53 kbar (diamond). The inset shows the spectra corresponding
to the lowest and highest applied pressures.

Furthermore, the strength of the P1 absorption is a measure of inter-chain in-
teractions. Calculations showed that increasing the inter-chain hopping matrix
parameter causes a lowering of the energy of the lowest excimer, that should
blue shifts both P1 and PA1.

Figure 4.10 shows the transient PA at t = 0 (that is, within 150 fs) at
four different pressures, normalized to the PA band at 1 eV4. The P1 and PA1

bands, due to intrachain polarons and excitons, respectively [127] are clearly
visible, peaked at about 0.4 eV and 1.0 eV, respectively.

Upon increasing pressure a few changes can be detected. First, at high
pressure PA1 slightly blue-shifts, as shown in the inset of Figure 4.10, while it
a clear blue-shift of P1 cannot be detected. It is thus not possible to establish
any relation between these two photoexcited species due to enhanced interchain
interactions. The slight pressure dependence of PA1 can be interpreted in the
light of the previous findings on steady state spectroscopy, being explained as
due to the evolution of the exciton states when forming aggregates. This is
schematically shown in Figure 4.17.

A significant variation with pressure of the relative strength of the initial
P1 band can be observed in Figure 4.10. The intensity of the polaron band
dramatically increases reaching ∼ 40% of PA1 at 53 kbar. Thus, an increase
by a factor of four is observed as a consequence of applied pressure in the ratio
of charged (polarons) to neutral (excitons) photoexcitation following photon

4A fair comparison should be made for measurements done on the same sample. However,
to avoid photodegradation, different samples were prepared, being the collection of each
spectrum ∼1 week long.
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Figure 4.11: Ratio between the integrated area under each PM band (PA1 to
P1) for different applied pressures.

absorption, that is the branching ratio η. This is summarized in Figure 4.11,
where ratio between the integrated area under each PM band (PA1 to P1)
was calculated is shown. The branching ratio is an important parameter in
device design, since a large η is needed in efficient solar cells, while a small η
is preferable for LEDs [154]. η varies depending on the polymer structure and
film nanomorphology [127], being related to the morphology of the film. It
is thus a measure of the strength of inter-chain interactions. Different values
of η have been so far obtained for both films and solution of PPV derivatives
(heeger-valy), topically ranging from 0.1% to 10%. Values as large as 30%
of polaron PG quantum efficiency were recently obtained in another polymer,
namely rr-P3HT films [127], where the interchain interaction is large due to
the lamellae nanomorphology [147]. The similarity between the value of η of
MEH-PPV and that of rr-P3HT further supports the formation of aggregates
at high pressure in MEH-PPV.

Finally, the Fano-type AR feature intensifies (Figures 4.10 and 4.12). The
presence in the transient spectra of the AR feature, already encountered in
cw PA spectra under pressure, confirms that it is not merely an experimental
artifact, but is rather a genuine spectral feature characteristic of the polaron
PA band upon increased interchain coupling [128].

4.3.2 Dynamics

Transient photoinduced absorption gives simultaneous monitoring of charged
(polaron) and neutral (exciton) species . With the set-up described in Chap-
ter 2, the instantaneous (that is, within 120 fs) generation and decay with
time of this photoexcitations can be probed and information about lifetimes,
photogeneration quantum efficiency and diffusion processes can be obtained.

Figure 4.12 shows the time evolution of the PA spectrum in the mid-IR
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Figure 4.12: Spectral decay of the photoinduced absorption signal of MEH-
PPV for each applied pressure. Figure 4.10 shows the spectra at t = 0.

spectral range at each applied pressures. The PA1 band decays with time for
all pressures. It is clear though that its decay is not the same for all pressures,
being faster at 53 kbar. The decay of P1 is, instead, slower. In particular,
at 3 kbar the PA signal has roughly the same intensity for all time delays.
The different time evolution of these photoexcitations was already observed
in [127] and excludes the possibility that these two PA bands belong to a
single photogenerated species. In addition, the AR feature superimposed on
P1 is still prominent at longer time, in support for its genuine characteristics.

The P1 and PA1 decay dynamics are shown for all pressures in Figure 4.13.
The slower decay of P1 (Figure 4.13(b)) with respect to PA1 is more obvious
here. It can be noticed that its decay dynamics does not change much with
pressure. On the contrary, the PA1 decay dynamics substantially changes with
pressure: while it is best fit by a single exponential at low pressure, the PA1

decay at high pressure can be fit using double exponential of the form:
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Figure 4.13: Transient decay dynamics of the exciton PA1 and polaron P1 at
each applied pressure.

∆T = R1e
(−t/τ1) + R2e

(−t/τ2) (4.2)

where τ1 and τ2 are the component lifetimes and R1 and R2 are their re-
spective weights. At 53 kbar the time constants are t1 = 6 ps and t2 = 56 ps,
with R1 = 0.48 and R2 = 0.29. The fit results are shown in Figure 4.13(c)
for the lowest and highest applied pressures5. We interpret the double expo-
nential decay at high pressure as due to exciton trapping and recombination,
respectively, and we suggest that the excitonic traps can be identified as ag-
gregates [143] that form more abundantly at high pressure. This shows that
the photogenerated excitons live longer in the aggregates and consequently are
more available for intersystem crossing into the triplet manifold. As previously
discussed in Section 4.2.2, this causes an increase of η for triplet excitons at
high pressure (Figure 4.5). The longer exciton lifetime at high pressure does

5Due to the lower signal to noise ratio of the time evolution of P1, a reliable fit could not
be obtained. For this reason, P1 dynamics will be discussed only qualitatively.
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not increase the PL efficiency, however, since the radiative rate of aggregates
are much lower than that of free excitons [128, 155]; and this explains the
weaker PL emission at high pressure even that excitons lifetime increases.

4.3.3 Background

A typical transient signal is shown in Figure 4.14(b). At a time t less than zero
(that is before the pump pulse impinges onto the sample), ∆T is expected to
be equal to zero and after a certain time it is should decay back to this value.
However, due to the high repetition rate (82 MHz) of the pump laser, the
transient signal rides on top of a background, as schematically represented in
Figure 4.14(a). This is due to the fact that the next pulse arrives when the
system is not relaxed yet, and the ∆T induced by this pulse sums up to the
first one. So, the transient signal does not decay completely to zero before
another pulse arrives and a steady-state background accumulates6. This back-
ground is far from being meaningless, since it embeds information about the
long lived component of the photoexcited species that appear in the corre-
sponding in-phase signal ∆T/T (Figure 4.10) or in the in-phase signal of cw
PA measurements.

The amplitude of the background, on which the transient PM signal rides,
is shown in Figure 4.15 for a film of MEH-PPV onto a sapphire substrate. Only
one out of the two bands observed in the in phase PA signal (Figure 4.10) is
obvious in the background, namely the polaron band P1 peaked at 0.35 eV.
The absence of the PA1 band indicates a different dynamics, hence a different
origin, of the two photogenerated species.

Figure 4.16 shows the pressure dependence of the background spectra cor-
responding to the in-phase signals of Figure 4.10 normalized at 1 eV. A band
is detected at 0.35 eV, corresponding to the long lived component of P1. The
presence of this band occurs since the polaron band does not decay in be-
tween the pump excitation pulses, which are ∼12 ns apart. Therefore from the
background amplitude we can derive the PA spectrum at t = 30µsec, which
corresponds to t = 1/f, being f = 30 KHz the modulation frequency to which
the lock-in amplifier is synchronized. As a consequence of applied pressure,
the intensity of the polaron band increases up to 40% at 53 kbar. Besides the
substantial increase of the polarons photogeneration, an increase of a second
PA band at higher energy (∼1 eV) can be observed. This ’high energy’ band
is not due to PA1 (which decays in between pulses, as demonstrated in Figures
4.12 and 4.13), but rather it is caused by the tail of the T1 PA band that
red-shifts and intensifies with pressure, as observed in cw-PA spectra (Figure
4.5).

6It is easy to calculate that for each modulation, at a frequency of 30 KHz, 2750 pulses
of the pump laser occur.
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Figure 4.14: Due to the high repetition rate of the pump laser, a steady-state
background accumulates in transient pump/probe measurements (a) and a
typical transient signal recorded is shown in (b).
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Figure 4.15: Background spectrum of the transient PM signal. The background
corresponds either to the in-phase signal ∆T/T (Figure 4.10) or to the in-phase
signal of cw PA measurements.
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Figure 4.16: The background amplitude spectra, as defined in Figure 4.14, for
different applied pressures. P1 and T1 PA bands are indicated.
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4.4 Conclusions

Using a variety of transient and steady-state spectroscopy, we studied the
effect of hydrostatic pressure up to 53 kbar on a substituted poly(phenylene-
vinylene), namely MEH-PPV. The effect of pressure as derived from the whole
set of measurements is summarized in Figure 4.17.

We found that the cw photoluminescence band weakens, loses its zero-
phonon satellite, and red-shifts by − ∼2 meV/kbar. We interpret this behav-
ior as indicative of aggregate formation in the film. At the same time, the
triplet PA intensifies, in spite of showing a faster dynamics, and red shifts
with pressure dependence close to that of PL. The significant decrease of the
triplet lifetime as a function of pressure indicates that higher exciton diffusion
that accompanies the increased inter-chain coupling. Since the intensity of T1

increases and simultaneous its lifetime shortens, we conclude that for triplet
excitons the photogeneration quantum efficiency, η, increases at high pressure.
We do not expect that the intersystem crossing rate would change at high pres-
sure, and thus we attribute the increase in η to longer lived singlet excitons
that are available at high pressure, when the intersystem crossing time sets in.

The ps singlet exciton PA band slightly blue shifts with pressure, and
changes its dynamics, having a faster decay at high pressure. On the other
hand, the ps polaron PA band increases fourfold up to 40% of the exciton
PA, and shows a superimposed vibrational Fano-type anti-resonance. These
pressure-induced effects indicate enhanced aggregates formation caused by the
increased interchain interaction.

Figure 4.17 summarizes the effect of pressure on the relevant exciton states
in the singlet and triplet manifolds. The corresponding optical transitions for
isolated chain (room pressure) and for interacting chains (high pressure) when
aggregates ar formed are also shown.
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Chapter 5
Conclusions and future
perspectives

This thesis presented a study of the influence of inter-chain interactions in two
π-conjugated polymers belonging to the same family, namely PPV and MEH-
PPV. Tuning of inter-chain interactions was achieved by means of a diamond
anvil cell, which -coupled to a variety of optical techniques- allowed to obtain
a wide spectroscopic characterization of both samples under applied pressure.

In this work, a peculiar form of PPV was studied: the sample was oriented
by tensile stretching with an elongation ratio of 5. Highly oriented PPV,
besides being a reference model, proved to be an ideal system to investigate
the role played by intermolecular interactions.

In general, in amorphous polymeric systems, the main effect of pressure
is an increase of intramolecular order due to planarization of the backbone
chains. Through Raman spectroscopy it was possible to rule out any signif-
icant pressure-induced geometrical change. Thus, having proved that minor
effects due to an extension of the conjugation length occur, we conclude that
the bathochromic shift of the π − π∗ transition observed in reflectance and
transmittance spectra has to be ascribed mainly to intermolecular interactions.

In order to take into account both the diamond birefringence and its con-
tribution to reflectivity, the development of a suitable optical model was neces-
sary. From the re-normalized reflectance spectra it was then possible to obtain
the complex dielectric function of oriented PPV for all applied pressures. In-
deed, the physical the photophysical properties of PPV concerning transition
energies and broadening are fully comprised in the dielectric constants of the
material, whose complex components represent the grounds of a meaningful
interpretation.

A careful analysis of the complex dielectric constant shows that for paral-
lel polarization electronic transitions below 2.75 eV gain intensity while those
at higher energies show a reduced oscillator strength. For perpendicular po-
larization, a generalized increase of oscillator strength in observed in all the
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spectrum indicating that this component is not only due to chain misalignment
but also to intermolecular interactions. The broadening of vibronic progression
has been qualitatively assigned to a splitting of electronic states due to inter-
molecular interactions even though a not negligible contribution form el-ph
interaction in the intermediate coupling regime have to be considered.

The second part of this thesis was devoted to study the effect of high
hydrostatic pressure, on the photophysics of a substituted poly(phenylene-
vinylene) derivative, namely MEH-PPV. Form the structural point of view,
this material is a disordered system, exhibiting strong inter-chain coupling.

Using a variety of transient and steady-state spectroscopy, we could probe
the effect of hydrostatic pressure up to 53 kbar. We found that the cw photo-
luminescence band weakens, loses its zero-phonon satellite, and red-shifts by
∼2 meV/kbar. We interpret this behavior as indicative of aggregate formation
in the film. At the same time, the triplet PA intensifies, in spite of showing
a faster dynamics, and red shifts with pressure dependence close to that of
PL. The significant decrease of the triplet lifetime as a function of pressure
indicates that higher exciton diffusion that accompanies the increased inter-
chain coupling. Since the intensity of T1 increases and simultaneous its lifetime
shortens, we conclude that for triplet excitons the photogeneration quantum
efficiency, η, increases at high pressure. We do not expect that the intersystem
crossing rate would change at high pressure, and thus we attribute the increase
in η to longer lived singlet excitons that are available at high pressure, when
the intersystem crossing time sets in.

The ps singlet exciton PA band slightly blue shifts with pressure, and
changes its dynamics, having a faster decay at high pressure. On the other
hand, the ps polaron PA band increases fourfold up to 40% of the exciton
PA, and shows a superimposed vibrational Fano-type anti-resonance. These
pressure-induced effects indicate enhanced aggregates formation caused by the
increased interchain interaction.

During the past 20 years, a huge variety of studies (both theoretical and
experimental) appeared in the literature concerning inter-chain interactions
and their effect on the optical and electronic properties of π-conjugated sys-
tems. Nonetheless, a clear understanding of the role played by intermolecular
coupling in these materials has not been achieved yet. Due to their strong
dependence on the geometrical arrangement of the polymer chains and on the
degree of disorder, a unified picture is far from being achieved.

Among the issues to be clarified on inter-chain interaction, an appealing one
is whether and how they could be responsible for photoluminescence quench-
ing. In this respect, highly oriented PPV provides an ideal playground. Under
pressure emission measurements might help to unravel the origin of PL reduc-
tion of films as compared to solutions.

Recently, the study of P3HT attracted much attention, due its applications
mainly for photovoltaic devices. Depending on the chemical synthesis, P3HT
assumes two different structures: either it is disordered, with a random coil
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arrangement of the chains (regio-random), or it self organizes in a π-stacked
lamellar structure (regio-regular). This highly ordered supramolecular packing
of the chains is maintained in thin films and gives rise to an outstanding field-
effect mobility approaching that of amorphous silicon. It is thus obvious that
such a material represents an optimal candidate to investigate inter-chain in-
teractions and establish a relationship between coupling among adjacent chains
and supramolecular order. A hint for future work would be the simultaneous
study of the photophysics of both regio-regular and regio-random P3HT under
pressure.

147





Appendix A
Raman spectra of fluorinated
Poly(p-phenylenevinylenes)

A.1 Introduction

Chemical engineering of side groups in conjugated polymers is an important
tool for tailoring properties of π-conjugated materials based on specific needs.
Indeed, a proper choice of substituents not only improves material process-
ability from solution, but also enables to tune the electronic properties, and
the supramolecular solid state organization. This in turn deeply affects inter-
molecular interactions, and offers a further opportunity to better understand
the role of inter-chain coupling.

In recent years, functionalization of conjugated polymers with fluorine
atoms has attracted considerable interest, since this structural modification
is able to improve the stability of materials against photo-oxidation (a ma-
jor issue in device design), as well as to modify their optical and electrical
properties. These effects are related to the strong electronegativity of the flu-
orine atom and to the strength of the F-C bond. Solid state supramolecular
organization is also affected by fluorination.

In order to investigate the influence of side groups on the spectroscopic
properties of different materilas, Raman spectroscopy is indeed a valuable tool.
As discussed in Chapter 3, not only the Raman shift provides information on
the conjugation length, but additional insight can be gained analyzing the
dependence of relative band intensity on electron delocalization. As a matter
of fact, the intensity of bands assigned to C-C, C=C, C-H stretching modes of
phenyl ring and vinylene group depends on ring torsion, which in turn modifies
the extension of the conjugation length.

In this Section, the vibrational spectra of different PPV derivatives, with
and without fluorinated vinylene side groups, are presented and discussed.
The samples were prepared by Prof. G.M. Farinola, Dipartimento di Chimica,
Università di Bari. Moreover, thanks to a collaboration with the National
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Nanotechnology Laboratory (NNL) of CNR-INFM, Università del Salento, a
theoretical assignment of the Raman modes was possible by means of density
functional theory (DFT) calculations. Without entering the details of the
simulations, experimental spectra will be compared to theoretical findings,
and an overall picture of the vibrational properties of all the samples will be
outlined.

A.2 Experimental

Commercial MEH-PPV was purchased by Sigma Aldrich. In addition, MEH-
PPV as well as its fluorinated counterpart, MEH-PPVDF, were prepared in
Bari using the same synthetic procedure [156]. The availability of such poly-
mers offers a twofold opportunity to compare the photophysical properties of
a well known reference system (MEH-PPV) with those of newly synthesized
material (MEH-PPDFV). Commercial MEH-PPV is first compared with its
analogous prepared in Bari. Moreover, the properties of MEH-PPDFV can be
compared with those of MEH-PPV synthesized by the same method, reducing
possible differences related to the synthetic procedure.

The chemical structure of both MEH-PPV and MEH-PPDFV is shown in
Figure A.1. In the following, for sake of clarity, MEH-PPV synthesized in Bari
will be named sMEH-PPV.

Raman measurements were performed with a Dilor-Labram spectrometer
(Chapter 2), using a 10x objective and He-Ne laser excitation (λexc = 632.8
nm). All measurements were recorded at room temperature on both powders
and drop cast films from chloroform solutions.

X

OC H3

XO

C2H5C4H9

n

MEH-PPV: X=H, n=94

MEH-PPDFV: X=F, n=13

 

Figure A.1: Chemical structure of MEH-PPV and MEH-PPDFV.
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A.3 Results and discussion

Figure A.2 shows the experimental Raman spectra of MEH-PPV and sMEH-
PPV in the 800-1800 cm−1 Raman shift range for both powders and films. A
smooth photoluminescence background has been subtracted from the spectra
here reported.

The Raman spectra of MEH-PPV and sMEH-PPV, both powder and film
(Figure A.2), closely resemble each other, the major difference being the higher
intensity of the newly synthesized polymer with respect to the commercial one.
All the spectra present two weak bands at about 966 and 1110 cm−1 and two
bands of medium intensity at 1282 and 1309 cm−1 can also be recognized. A
strong peak is then detected at about 1585 cm−1, accompanied by two weak
side bands at 1555 cm−1 and 1621 cm−1. Notice that the side band at 1555
cm−1 is just barely detectable in commercial MEH-PPV. The Raman shifts
of all sample are summarized in Table A.1. Moreover, ti can be noticed that
the Raman spectrum of sMEH-PPV film is superimposed to an interference
fringes pattern, suggesting its better optical quality with respect to MEH-PPV
film. No significant difference is observed in the Raman shift of the vibrational
modes of all the samples, the slight discrepancies between the values reported
in Table A.1 being within the spectrometer experimental resolution.

The Raman spectrum of MEH-PPDFV reported in Figure A.3 contains
fewer bands compared to that of MEH-PPV (Figure A.2). Three very weak
bands are observed at 934, 1000, 1038 cm−1. At 1320 cm−1 a strong band is
detected, which is anticipated by a broad shoulder, setting off around 1250
cm−1. A band at 1564 cm−1 of weak/medium intensity is observed and it is
followed by a very strong band at 1611 cm−1. Finally, a strong and broad
band at 1689 cm−1 is detected. The Raman shifts of the vibrational modes of
MEH-PPDFV are listed in Table A.2 together with their intensities.

Comparing between the spectra of MEH-PPV and MEH-PPDFV a few
difference are obvious. First, the mode attribute to vinylene stretching [157]
in MEH-PPV is located at 1621 cm−1, whereas in MEH-PPDFV the same
vibration gives rise to a strongly broadened and intense band at 1688 cm−1.
Its broad shape, strong intensity and relative shift to higher wavenumbers are
the major fingerprint of the fluorinated systems.

In the region between 1250 and 1350 cm−1, experimental data show two
bands of medium intensity for MEH-PPV while for MEH-PPDFV a strong
band accompanied by a broad shoulder at smaller Raman shifts appears.

An additional difference between the two polymers concerns the relative
intensities of the bands belonging to the group of modes between 1500 and
1800 cm−1 1. In the experimental spectrum of MEH-PPV, the band at 1555
cm−1 is very weak with respect to the strong band at 1585 cm−1. Instead, for
MEH-PPDFV the intensity of the mode at 1564 cm−1 relative to that of the
strongest mode at 1611 cm−1 is much higher.

1These modes arise from phenylene stretching vibrations [157].
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Figure A.2: Raman spectra of commercial MEH-PPV (upper panels, red) and
sMEH-PPV (lower panels, black), both powder and film.

Table A.1: Raman shift (cm−1) of the vibrational modes of MEH-PPV and
sMEH-PPV, both powders and films. Intensities are indicated as vw=very
weak, w=weak, m=medium, s=strong.

MEH-PPV powder 957 w 1104 w 1272 m 1301 m 1572 s 1611 w
MEH-PPV film 968 w 1110 w 1282 m 1309 m 1581 s 1624 w
sMEH-PPV powder 962 w 1108 w 1280 m 1308 m 1552 vw 1582 s 1620 w
sMEH-PPV film 967 w 1112 w 1286 m 1311 m 1553 vw 1584 s 1620 w
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Figure A.3: Raman spectra of MEH-PPDFV, both powder and film.

Table A.2: Raman shift (cm−1) of the vibrational modes of MEH-PPDFV,
both powder and film. Intensities are indicated as vw=very weak, w=weak,
m=medium, s=strong, vs=very strong.

MEH-PPDFV powder 934 vw 1000 vw 1038 vw 1320 s 1564 w/m 1611 vs 1689 s
MEH-PPDFV film 937 vw 1003 vw 1040 vw 1324 s 1567 w/m 1615 vs 1692 s

The differences observed between MEH-PPV and MEH-PPDFV spectra
can be in principle due to different interdependent effects such as conjugation
length, mass of the vinylene substituents (larger for the fluorinated polymer)
or changes in the molecular structure/conformation due to fluorination.

In order to better understand the vibrational properties of both MEH-
PPV and MEH-PPDFV, quantum chemical calculations were performed by
Dr. M. Piacenza, National Nanotechnology Laboratory (NNL) of CNR-INFM,
Università del Salento.

Fluorinated and non fluorinated trimer oligomers were used as main com-
putational models, the main difference between these two molecular geometries
being the torsional angles. The fluorinated trimer is indeed much more twisted
then the non fluorinated compound due to the steric repulsion between the
alkoxy groups and the fluorine atoms [158].

An overall good agreement between experimental spectra of MEH-PPV
and theoretical calculations for the trimers and their fluorinated counterparts
is found, thus allowing to assign the experimental bands to specific normal
modes [157]. Nonetheless, a few minor discrepancies between measured and
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calculated relative intensities are observed. In particular:

• in the calculated spectrum for MEH-PPV the band at 1555 cm−1 and
appears like a very weak shoulder;

• theoretical calculations for MEH-PPDFV could not reproduce neither
the intensity ratio between the bands at 1611 cm−1 and at 1689 cm−1,
nor the broad shape of the mode2 at 1689 cm−1. While in experimental
spectra the 1611 cm−1 mode is the most intense, in simulated spectra a
reversed situation occurs.

Discrepancies between experimental and calculated spectra might be at-
tributed to different aggregation state for experiments (solid state samples)
and theory (gas phase), and to the considerably different conjugation lengths
of samples and model systems.

To clarify the role played by each of these issues, additional calculations
were performed for fluorinated and non fluorinated dimer models. The compar-
ison between the results obtained for dimer and trimer can be useful to address
the effect of conjugation length on the vibrational properties of our samples.
Moreover, the Raman spectra of distyrylbenzene and tetra-fluorinated distyryl-
benzene (named DSB and DSBF, respectively) were also simulated. These
almost planar structures correspond to bare phenylenevinylene trimers where
all alkoxy substituents are replaced by hydrogen atoms, in order to simulate
unsubstituted oligophenylene vinylenes. The details of the model systems used
for simulations are described in [157].

Focusing only on the spectral region between 1500 and 1800 cm−1, we
will refer to the three bands there observed as LB, MB and HB, in order of
increasing Raman shift.

Comparison between theoretical Raman spectra of the non fluorinated
dimer, trimer and DSB shows minor differences in the frequency of MB. In-
stead, significant variations are observed both in the position and intensity of
the side bands, LB and HB). This suggests that a complicate interplay between
conjugation length and substituent characteristics affects bands intensities. In
particular, the increase of oligomer length mainly affects the intensities of MB
and HB for the dimer and trimer model. The relative intensity of HB decreases
with increasing conjugation length, in good agreement both with experimen-
tal observations, where the band at 1621 cm−1 is much weaker than the one
at 1585 cm−1, and with previous theoretical findings in PPV [81, 88, 93], its
oligomers [159] as well as in polyfluorene [83]. This trend of intensities vs
conjugation length is similar for the fluorinated species.

The relative intensity of MB is very weak in the fluorinated dimer and
increases in the trimer. This matches the experimental findings for the polymer
(Figure A.3). Thus the intensity ratio of MB and HB is a sensitive indicator
of the conjugation length for the investigated structures and can be used to

2The Raman mode at 1689 cm−1 is attributed to a vinylene stretching mode.
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further characterize MEH-PPDFV in addition to the usual study of Raman
shifts.

In spite of these good results, we notice that conjugation length effects alone
cannot explain the experimental broadening of mode located at 1689 cm−1. We
are thus lead to consider the role of fluorine substituents and their effect on the
relative intensity of MB and LB. Difference in these values are obtained in the-
oretical spectra. In particular, the non fluorinate trimer, DSB and DSBF have
very similar Raman shifts, shapes and relative intensities of the bands, very
close to the experimental Raman spectrum of MEH-PPV (Figure A.2). On the
other hand, the spectrum of the fluorinated trimer is totally different, showing
the highest intensity for the band HB. This behavior is likely to be related
to the different molecular geometries of these systems: indeed, non fluorinate
trimer, DSB and DSBF are approximately planar, while the fluorinated trimer
is instead strongly distorted. As a consequence of the repulsive interaction
between the fluorine and the neighbouring bulky alkoxy substituents, a strong
shift of the bands and a remarkable change in their relative intensities occur,
which should be reflected in the experimental results. As a matter of fact,
when MEH-PPDFV macromolecules are aggregated, they show a distribution
of torsional angles, which in turn gives rise to a distribution of frequencies
(40-60 cm−1 according to model systems here considered) for HB, assigned to
the vinylene CC stretching. This causes the inhomogeneous broadening of this
mode observed in the experimental spectrum in Figure A.3. Notice also that
the distribution of CC vinylene stretching rearranges the oscillator strength
of each mode, reducing the peak intensity of HB. This explains the remark-
able difference between the theoretical intensity ratio between MB and HB
in the fluorinated trimer and its experimental value. According to this inter-
pretation, we point out that our MEH-PPDFV samples possess a very short
conjugation length, in agreement with previous findings based on electronic
spectroscopy [158,160].

A.4 Conclusions

The vibrational properties of two soluble derivatives of PPV are reported and
discussed. The experimental results show that differences are observed between
MEH-PPV and MEH-PPDFV spectra, mainly due to different interdependent
effects such as conjugation length, mass of the vinylene substituents (larger for
the fluorinated polymer) or changes in the molecular structure/conformation
due to fluorination.

Raman spectra of both polymers have been assigned on the basis of quan-
tum chemical calculations of corresponding dimer and trimer as well as of DSB
and DSBF.

Major characteristic differences between non fluorinated and fluorinated
structures deal with the intensity, frequency shift and broadening of CC viny-
lene stretching. Additional differences concern the relative intensity of CC
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phenylene and vinylene CC stretchings as well as to deformation modes be-
tween 1250 and 1350 cm−1. We demonstrated that significant differences in the
spectra of MEH-PPV and MEH-PPDFV stem from changes of the molecular
geometry and can be attributed to the larger distortion from planarity of the
fluorinated species due to repulsive interactions between fluorine atoms on the
vinylene units and oxygen atoms of the alkoxy groups bonded to the aromatic
rings.
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Z. Ni, S. Shi, A. Heeger, and F. Wudl. Substitution effects on bipolarons
in alkoxy derivatives of poly (1, 4-phenylene-vinylene). Physical Review
B, 43 (6): 5109–5118, 1991.

[149] T. Drori, E. Gershman, C. X. Sheng, Y. Eichen, Z. V. Vardeny, and
E. Ehrenfreund. Illumination-induced metastable polaron-supporting
state in poly(p-phenylene vinylene) films. Physical Review B, 76 (3):
033203, 2007.

[150] K. F. Voss, C. M. Foster, L. Smilowitz, D. Mihailović, S. Askari, G. Sr-
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