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Raman spectroscopy on neat and doped conjugated polymers
Local dynamics and relaxation processes
Giannis G. Gkikas
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

Conjugated polymers are a class of materials that combine the mechanical
flexibility and processability of conventional polymers with tunable electronic
properties. The backbone of conjugated polymers consists of alternating single
and double bonds, creating a delocalized 𝜋-electron system that enables charge
transport. While these materials are intrinsically semiconducting, their electrical
conductivity can be significantly enhanced through chemical or electrochemical
doping, making them suitable for a wide range of semiconducting applications.
In addition to their electronic functionality, conjugated polymers retain the
advantageous mechanical properties of soft materials, such as flexibility and low
weight. Importantly, both the mechanical and electronic properties are highly
dependent on the chemical structure, including the backbone design and the
nature of the side chains, which influence molecular packing, intermolecular
interactions, and overall material morphology.

In this work, Raman spectroscopy is employed as the primary analytical tech-
nique to investigate the structural, electronic, and vibrational properties of a
thienothiophene-based conjugated polymer functionalized with polar triethylene
glycol side chains. Raman spectroscopy is particularly well suited for studying
conjugated systems due to its sensitivity to molecular vibrations associated with
the 𝜋-conjugated backbone, enabling detailed insights into bonding, conjugation
length, and doping-induced structural changes. An experimental methodology
for the assignment of vibrational modes is presented, combining spectral ana-
lysis with systematic variations in experimental conditions to accurately identify
characteristic vibrational signatures.

Temperature-dependent Raman measurements are further employed to probe
the thermal behavior of the polymer, providing insight into dynamic processes
such as molecular relaxation and the glass transition. In addition, the potential of
spatially resolved Raman mapping is explored as a powerful tool for investigating
heterogeneities within the material, particularly in relation to localized doping
phenomena.

Keywords: conjugated polymers, doping, Raman spectroscopy, relaxation pro-
cesses, glass transition
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Introduction 1

The modern plastic bag, invented in the early 1960s in Norrköping
(Sweden), by Sten Gustaf Thulin at the packaging company Cel-
loplast AB [1], represents one of the most successful applications
of a conventional synthetic polymer such as polyethylene (PE)
[2]. Polyethylene and related polyolefins are valued for their low
density, mechanical durability, chemical resistance, and excellent
electrical insulating properties, which arise from their saturated
hydrocarbon backbones [3].

Conventional polymers consist of 𝜎-bonded carbon–carbon and
carbon–hydrogen chains, lacking the extended 𝜋-conjugation re-
quired for efficient electric charge transport [4]. As a result, while
they are mechanically robust and inexpensive, their electronic
functionality is inherently limited.

Figure 1.1: The Nobel Prize laureates
in Chemistry 2000 awarded for the
discovery and development of con-
ductive polymers.

A fundamental breakthrough occurred with the discovery that
certain polymers containing conjugated backbones could support
electronic charge transport (which was awarded the Nobel Prize
2000 Figure 1.1) [5]. Rather than emerging from an existing demand
for flexible electronics, the invention and understanding of con-
jugated polymers opened entirely new possibilities for combining
mechanical flexibility with electronic properties.

This marked the emergence of conductive polymers, which retain
the mechanical advantages of traditional plastics while introducing
electrical conductivity, hence making them essential for applica-
tions such as flexible electronics, energy devices, and bioelectronic
interfaces [6].

The properties of conjugated polymers are inherently governed by
thermodynamic principles, as their chemical structure responds to
external stimuli such as temperature and mechanical deformation
[7].

This thesis explores the interplay between chemical structure and
thermodynamics, emphasizing their critical role in governing
material behavior and, ultimately, determining the properties and
performance of the final functional product.
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1.1 Why do we need conductive polymers?

Conductive polymers are important because they combine the
advantageous properties of both polymers and metals, offering
a unique class of materials that traditional systems cannot eas-
ily replicate. Unlike conventional inorganic conductors such as
metals or semiconductors, conductive polymers provide a light-
weight, flexible, and potentially low-cost alternative, making them
highly attractive for modern technologies (Figure 1.2) [8]. By being
organic–inorganic materials, they bridge the gap between rigid
electronic components and soft, processable plastics [9].

Figure 1.2: Conductive polymers
have a wide range of applications,
including photovoltaics, transistors,
display emitters, sensing and bio-
sensing technologies, light-emitting
diodes (LEDs), and thermoelectric
generators (TEGs).

One of their key strengths is their tunability, i.e. their electrical,
optical, and mechanical properties can be tailored through chem-
ical design, enabling a wide range of different applications. This
versatility is particularly valuable in the development of flexible
and stretchable organic optoelectronic devices, such as wearable
electronics, foldable displays, and lightweight solar cells, where
traditional materials fall short.

1.1.1 Applications

Figure 1.3: Example of a flexible or-
ganic solar panel produced by Heli-
atek. Adapted from Ref. [10].

Conductive polymers have found widespread applications across
several advanced technologies due to their unique combination
of electrical conductivity, flexibility, and tunable properties. In
solar cells, particularly organic photovoltaics, they serve as act-
ive layers that enable lightweight and flexible energy harvesting
devices (Figure 1.3). In organic field-effect transistors (OFETs), con-
ductive polymers function as semiconducting channels, allowing
for low-cost and large-area electronic circuits. Their sensitivity to
environmental changes makes them highly suitable for sensing
and biosensing applications, where they can detect chemical or
biological signals with high responsiveness [11]. Additionally, in
batteries and other energy devices, conductive polymers are used
to improve charge transport and enhance performance, contrib-
uting to the development of more efficient and adaptable energy
solutions [12].
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2.1 Conjugated polymers

Conjugated polymers, also known as conductive polymers, are
a class of polymeric materials characterized by an alternating
sequence of single and double bonds along their carbon backbone.
This conjugated structure results in a system of delocalized 𝜋-
electrons, where the overlapping p-orbitals create an electron-rich
pathway along the chain [13, 14]. As a result, charge carriers can
move more freely compared to the case of conventional insulating
polymers, giving rise to electrical conductivity [15]. This unique
electronic structure is what distinguishes conjugated polymers
from conventional polymers and enables their use in electronic
and optoelectronic applications.

2.1.1 Different types of conjugated polymers

Conjugated polymers can be broadly classified according to their
dominant charge transport behavior and their chemical backbone
structure. From an electronic perspective, they are commonly di-
vided into p-type and n-type materials [16]. Conjugated n-type poly-
mers support electron transport and incorporate electron-deficient
structural units that stabilize negative charge carriers.1 In contrast, 1: Examples of n-type polymers

are naphthalene diimide (NDI) and
perylene diimide (PDI) moieties.

p-type conjugated polymers predominantly conduct holes and are
typically based on electron-rich backbones with high-lying HOMO
(highest occupied molecular orbital) energy levels.2 Based on their 2: Examples of p-type poly-

mers are polythiophenes,
poly(3-hexylthiophene) (P3HT),
polyaniline, and poly(p-phenylene
vinylene) (PPV).

chemical structure, conjugated polymers can be classified into
several distinct families, among which thiophene-based polymers
(Figure 2.1) are particularly prominent due to their high charge
carrier mobility. This class of polymers constitutes the primary
focus of this thesis. In particular, Paper I centers on the poly-
mer poly(3,6-bis(2-methoxyethoxy)-2-methyl-5-(5′-methyl-[2,2′-
bithiophen]-5-yl)thieno[3,2-b]thiophene), abbreviated as p(g3TT–
T2) (Figure 2.1 a).

Figure 2.1: Molecular structure of a)
p(g3TT-T2) and b) P3HT.

2.2 Doped conjugated polymers

Intrinsic conjugated polymers typically behave as electrical insulat-
ors or low-conductivity semiconductors. In other words, although
their conjugated structure provides a pathway for charge transport,
their conductivity remains limited in the undoped state. How-
ever, due to their unique chemical structure, these polymers can
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undergo chemical or electrochemical oxidation or reduction pro-
cesses, known as doping [17]. During doping, charge carriers such
as positive polarons (p-doping) or negative polarons (n-doping)
are introduced into the polymer backbone, significantly increasing
electronic conductivity.3 This process transforms the material from3: The electronic conductivity of

conjugated polymers in their un-
doped state typically lies in the
range of 10−9 to 10−5 S cm−1. Upon
high levels of doping, their conduct-
ivity can reach values between 10−5

and 103 S cm−1 [18–20].

a poorly conducting polymer to a highly conductive one, making
it suitable for various electronic applications.

2.2.1 Doping methods

Figure 2.2: Molecular structure of
polyacetylene (PA) together with a
schematic representation of the de-
localized 𝜋-electron system along
its conjugated backbone. Chemical
doping with iodine vapors is il-
lustrated as a representative ex-
ample, where triiodide ions (I−3 ) are
formed and act as counterions to
compensate the positive charges gen-
erated on the polymer chain, thereby
maintaining charge neutrality.

In conjugated polymers, doping is the key method used to generate
mobile charge carriers and transform these materials from electrical
insulators into conducting materials. Because conjugated polymers
have delocalized𝜋-electron backbones, their electrical conductivity
can be drastically increased by introducing dopants that either
remove or add electrons. The two principal approaches are chemical
doping and electrochemical doping, which differ fundamentally
in how charge carriers are introduced and control doping levels
(Figure 2.2).

Chemical doping involves the incorporation of electron-accepting
or electron-donating species directly into the polymer, typically
through exposure to dopant molecules, vapors, or solutions. In
p-type chemical doping, oxidizing agents remove electrons from
the polymer backbone, generating positive charge carriers (po-
larons or bipolarons),4

4: A polaron is a quasiparticle
formed when a charge (electron or
hole) interacts with, and locally dis-
torts, the molecular structure. A bi-
polaron, in contrast, consists of two
charges bound together within a
shared lattice distortion, giving rise
to a coupled state characterized by
a larger structural deformation and
a total charge of ±2𝑒 [21].

while the dopant becomes a counterion that
stabilizes the charge. Common p-type dopants include halogens
(such as iodine), strong Lewis acids, or molecular oxidants like
𝐹𝑒𝐶𝑙3 and 𝐹4𝑇𝐶𝑁𝑄 (Figure 2.3 a). Chemical doping is typically
simple to apply, scalable, and suitable for bulk processing, but
it offers limited control over the exact doping level and can lead
to structural disorder, phase separation, or dopant diffusion over
time, which affects long term stability.

Figure 2.3: Chemical structure of a)
F4TCNQ and b) LiTFSI.

In contrast, electrochemical doping introduces charge carriers by
applying an external electrical potential to the conjugated polymer
while it is in contact with an electrolyte5

5: LiTFSI is a common electrolyte
salt that dissociates into Li+ and
TFSI- ions in non-aqueous solu-
tions. In Ref. [22], H-TFSI was used
for sequential doping, whereas in
Ref. [23], it was employed for elec-
trochemical doping.

(Figure 2.3 b). When a
positive potential is applied, the polymer is oxidized (p-doped).
To maintain charge neutrality, ions from the electrolyte migrate
into the polymer matrix as counterions. Electrochemical doping
is inherently reversible and controllable, allowing the doping
level to be tuned precisely by the applied voltage. This method
is widely used in fundamental studies of charge transport, redox
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behavior, and ion-electron coupling, as well as in applications
such as electrochromic devices, organic batteries, and organic
electrochemical transistors [24].

The key distinction between the two methods lies in control and
reversibility. Chemical doping is generally irreversible and fixed
once the dopant is introduced, making it suitable for devices
that require permanent conductivity. Electrochemical doping, on
the other hand, is dynamic and reversible, enabling real-time
modulation of conductivity and optical properties.

In summary, the choice of dopant in chemical doping of conjug-
ated polymers requires careful consideration of energy alignment,
safety and application constraints, as well as long-term stability.
Optimizing these factors is essential for electronic properties of
conjugated polymers to be developed into robust and practical
electronic devices.
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2.3 Thermal properties of conjugated polymers

The thermal properties of conjugated polymers critically affect
their processability, performance, and long term stability in organic
electronic devices. Thermal stability governs the retention of chem-
ical structure and electronic functionality at elevated temperatures,
while degradation such as backbone or side chain degradation,
oxidation, or dopant loss typically occurs above 200 ◦C and reduces
electrical and mechanical performance [25]. Controlled thermal
annealing below the degradation threshold can enhance molecular
ordering, 𝜋–𝜋 stacking, and charge transport, whereas excess-
ive heating may cause phase separation or dopant redistribution.
Achieving a balance between thermal robustness and processability
through polymer design and doping control is therefore essential
for reliable device operation.

From a thermodynamic perspective, a first–order phase transition
exhibits continuous first derivatives of the Gibbs free energy but
discontinuities in second derivatives, such as the heat capacity,
and does not involve latent heat. While conjugated polymers may
exhibit transitions or transformations that resemble classical ther-
modynamic phase behavior, many relevant thermal phenomena
including the glass transition and annealing induced structural
reorganization are governed by non-equilibrium and kinetic effects.
In this thesis, I aim to highlight the importance of understanding
these thermal processes and transition phenomena in conjugated
polymers, and how they can be investigated using vibrational
spectroscopy.

2.3.1 Thermal expansion

Thermal expansion is the tendency of a material to change its di-
mensions when its temperature changes. As temperature increases,
atoms or molecular segments vibrate more strongly and explore
larger average separations due to anharmonic bonding, leading to
an increase in length, area or volume.

2.3.2 Melting and Annealing

In conjugated polymers, the melting temperature (𝑇m) marks a
limit beyond which morphological changes occur, compromising
thermal stability and accelerating degradation in devices [26].

The annealing temperature plays a crucial role in determining
the polymer microstructure. Studies have shown that appropriate
thermal annealing enhances molecular ordering and crystallinity
[26], leading to increased charge-carrier mobility [27].
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2.3.3 Glass transition

The glass transition temperature (𝑇g) is the temperature at which
an amorphous material changes from a rigid, glassy state to a soft,
rubbery state due to increased molecular mobility [28]. It is a key
parameter governing mechanical behavior, processability, and safe
operating conditions.

Although often described as a second–order transition,6 the glass 6: The glass transition is sometimes
referred to as a pseudo second–
order transition [29]. A second-order
transition is an equilibrium phase
change with smooth entropy change
but a sudden change in prop-
erties like heat capacity. Mean-
while, the pseudo second-order
looks similar but actually comes
from cooling-rate-dependent kinetic
freezing rather than a true phase
change.

transition is not a true thermodynamic phase transition. It is a
non–equilibrium, kinetic process in which the system falls out of
equilibrium as molecular relaxation times exceed the experimental
timescale. As a result, the glassy state is a kinetically frozen, non–
equilibrium state rather than a distinct thermodynamic phase.

2.3.4 Dynamic fragility

Dynamic fragility (𝑚) quantifies how sharply the molecular dy-
namics of a glass forming material slow down as the temperature
approaches the glass transition temperature 𝑇g. It distinguishes
strong glass formers, which show nearly Arrhenius behavior, from
fragile glass formers, which exhibit strongly non–Arrhenius beha-
vior (Figure 2.4).

Figure 2.4: Angell plot illustrating
strong and fragile glass-forming be-
havior via viscosity.

Dynamic fragility measures the sensitivity of the structural relaxa-
tion time 𝜏 (or equivalently, the viscosity 𝜂) to temperature near 𝑇g.
In strong glass formers, molecular mobility decreases gradually
upon cooling, whereas in fragile glass formers the dynamics slow
down dramatically as 𝑇g is approached.

This behavior is commonly visualized using an Angell plot, in
which log(𝜏) (or log(𝜂)) is plotted as a function of the inverse
reduced temperature 𝑇g/𝑇. The corresponding fragility index 𝑚

characterizes the slope of this curve at 𝑇 = 𝑇g
7 [30]:

7: Fragility can be calculated from
the slope of the curve close to𝑇g (see
Paper I) or using the polymer’s con-
stants 𝐶1 and 𝐶2 (see Appendix A,
Connection between fragility (An-
gell) and WLF).

▶ Large 𝑚 values correspond to fragile glass formers
▶ Small 𝑚 values correspond to strong glass formers8

8: For SiO2, which is a strong glass
former, m ≈ 20; while for a fragile
glass former like polyethylene tere-
phthalate (PET), m ≈ 140 [31, 32].

2.3.5 Time scale of glass transition

The glass transition occurs when the structural relaxation time
reaches experimental time scales, typically 𝜏 ∼ 102–103 s.

Fragility describes how rapidly a material reaches this condition as
the temperature decreases. As a consequence, two materials may
exhibit the same glass transition temperature 𝑇g while possessing
very different fragilities, reflecting distinct underlying molecular
dynamics.
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2.3.6 Relaxation processes

In glass-forming materials, relaxation processes describe distinct
molecular motions occurring on different time and length scales
[33]. The primary 𝛼-relaxation corresponds to cooperative struc-
tural rearrangements and controls viscous flow; its characteristic
time increases sharply upon cooling and reaches macroscopic
timescales at the glass transition, where it becomes effectively
frozen. Secondary 𝛽-relaxations persist below 𝑇g and arise from
localized molecular or segmental motions, often following an
Arrhenius behavior. Finally, 𝛾-relaxations occur at even lower
temperatures and involve highly localized motions (such as short
chains, polar groups or rotational motions). These relaxation pro-
cesses demonstrate that molecular mobility in glasses spans a
broad hierarchy of timescales, even below the glass transition.

Table 2.1: Thermal processes in con-
jugated polymers. I: first–order; II*:
pseudo second–order; “–”: not a ther-
modynamic phase transition.

Process Order Equilibrium Key

Expansion – Yes Constant
Annealing – No Kinetic
Melting I Yes Latent heat
Glass transition II* No 𝐶𝑝

Fragility – No Dynamic
Relaxation – No Time
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3.1 Thermal investigation

Following the discussion of thermal properties in the previous
chapter, this chapter focuses on the glass transition of conjugated
polymers and its experimental detection.

3.1.1 Methods to investigate thermal properties

The most widely used experimental technique for detecting the
glass transition is differential scanning calorimetry (DSC), where
the transition appears as a step change in the heat capacity. An
extension of this method, fast differential scanning calorimetry
(FDSC), enables measurements at very high heating and cooling
rates and is particularly useful for studying kinetic effects and
materials with weak calorimetric signatures or limited sample
volumes. Other approaches include ellipsometry, which determ-
ines 𝑇g from changes in thermal expansion and film thickness
and is especially well suited for thin polymer films. Dynamic
mechanical thermal analysis (DMTA) provides complementary
information by probing changes in viscoelastic properties and
identifying the glass transition through alterations in storage and
loss moduli. Measurements based on viscosity can also be used to
define the glass transition, although they typically require large
amounts of material and are therefore less practical for polymer
thin films. Another powerful technique is broadband dielectric
spectroscopy (BDS), which detects the glass transition through
the temperature dependence of molecular relaxation processes.
In addition, several studies have reported observations of the
glass transition using spectroscopic techniques, such as Raman
spectroscopy. However, in conjugated polymers, these often lack
a detailed analysis of the underlying molecular dynamics. Filling
this gap, a comprehensive spectroscopic investigation of the glass
transition is presented in Paper I of this thesis.

3.2 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique that
probes molecular vibrations through the inelastic scattering of
light. When monochromatic light (usually from a laser) interacts
with a material, most photons are elastically scattered (Rayleigh
scattering), but a small fraction exchange energy with molecular
vibrational modes, leading to a shift in photon energy (Figure 3.1).
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This energy shift constitutes the Raman effect. Because vibrational
energies are characteristic of specific chemical bonds and mo-
lecular structures, the Raman spectrum provides a fingerprint of
characteristic bonds, conformations and interactions [34].

Figure 3.1: A typical Jablonski dia-
gram representing elastic scattering
(Rayleigh) and inelastic scattering
with energy loss (Stokes) and en-
ergy gain (Anti-Stokes).

Table 3.1: Types of molecular vibra-
tional modes [35]. Mode Category Symbol Description

Symmetric Stretching 𝜈 Two atoms move in and out
synchronously

Asymmetric Stretching 𝜈as Two atoms move in opposite
directions in and out

Scissoring Bending 𝛾 or 𝛿 Two atoms attached to a
central atom move toward
and away from each other
like the blades of scissors

Rocking Bending 𝜌 The entire group of atoms
swings back and forth in the
same plane

Wagging Bending 𝜔 or 𝜌𝑤 The atoms bend back and
forth like a windshield
wiper

Twisting Bending 𝜏 The atoms rotate around the
bond connecting them to the
rest of the molecule

A vibrational mode is Raman active if it induces a change in the
molecular polarizability during the vibration of a covalent bond:(

𝜕𝛼

𝜕𝑄

)
≠ 0

where 𝛼 is the molecular polarizability of the bond and 𝑄 is the
normal vibrational coordinate.

As a result, Raman spectroscopy is particularly sensitive to:

▶ Symmetric vibrational modes
▶ Conjugated polymer backbones
▶ Delocalized 𝜋 electronic systems
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3.2.1 Instrumentation

Raman measurements were performed using a Renishaw inVia™
confocal Raman microscope operating in a back-scattering config-
uration (Figgure 3.2). Excitation was provided by an Ar-ion laser
(532 nm, maximum output power 100 mW), a HeNe laser (633 nm,
maximum output power 17 mW), or a near-infrared diode laser
(785 nm, maximum output power 300 mW). The incident laser
power at the sample was adjusted for each measurement in order
to minimize local heating.

The microscope was equipped with Leica objective lenses of 5×
(NA = 0.12), 20× (NA = 0.40), 50× (NA = 0.50), and 100× (NA =
0.75), allowing flexibility in spatial resolution and collection effi-
ciency. Measurements were performed in confocal mode, providing
enhanced lateral and axial resolution as well as enabling depth-
resolved analysis.1 1: For a more detailed correlation

between the governing equations
and the corresponding experimental
parameters, see Appendix A.2, Op-
tical parameters in Raman microscopy.

Spectral dispersion was achieved using interchangeable diffraction
gratings with 1200, 1800, and 2400 grooves/mm, selected accord-
ing to the desired balance between spectral resolution and spectral
range. Raman-scattered light was detected by a cooled CCD de-
tector, ensuring low noise levels and high signal-to-noise ratios.

Temperature-dependent Raman measurements were performed
using a Linkam heating/cooling stage, enabling precise control of
the sample temperature during acquisition (Paper I).

Raman mapping experiments2 were performed using a motorized 2: The spatial resolution is limited
by the diffraction-limited size of
the laser spot, typically on the or-
der of ∼ 1𝜇m, and depends on the
wavelength of the excitation source
and the numerical aperture of the
objective.

XY translation stage, enabling automated spatially resolved meas-
urements, where a full Raman spectrum was acquired at each spot
on the x–y plane (Paper II).

Figure 3.2: A typical optical layout
for an inVia™ confocal Raman spec-
trometer. Adapted from Renishaw
plc [36].

3.2.2 Laser effects

The choice of the laser wavelength is a trade-off between signal
strength, fluorescence, spatial resolution, penetration depth, and
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sample damage. In fact, while the Raman peak positions remain
unchanged, different lasers can alter the intensity and background
of the spectrum. Specifically, shorter wavelengths (e.g. 532 nm)
provide stronger Raman scattering (scaling as 1/𝜆4) and smaller
focal volumes (higher spatial resolution and smaller laser spot),
but also risk to induce fluorescence and shallower penetration,
whereas longer wavelengths (e.g. 785–1064 nm) can help reduce
fluorescence, increase penetration depth and sampling volume,
and minimize heating or damage at the cost of weaker signals.
Additionally, laser choice can affect resonance Raman enhancement
when the excitation matches an electronic transition, selectively
amplifying certain vibrational modes. In practice, the laser is selec-
ted by balancing fluorescence suppression, required penetration
depth, focal volume (linked to laser diameter), and the possibility
of resonance effects for the specific material under study.

3.2.3 Sample preparation (solid, film, substrate)

The specific measurement conditions depend on whether the
material is studied as a bulk solid, a thin film, or a liquid solution.
Bulk polymers and powders can typically be measured directly,
with the laser focused on a flat surface or representative region,
although structural heterogeneity may influence spectral intensity.
For thin conjugated-polymer films, precise focusing within the film
is critical to enhance backbone vibrational modes while minimizing
contributions from the substrate (such as silicon). In dilute or
solution-processed polymers, the laser is focused within the liquid
volume to avoid container artifacts, enabling to probe local chain
conformation. In all cases, careful focus control and moderate laser
power are essential to prevent local heating and to reliably probe
the conjugated backbone structure.

3.2.4 Data treatment and analysis

The measured spectrum provides several key parameters: the Ra-
man shift, intensity, peak area, and full width at half maximum
(FWHM), each of which conveys different physical information.
The Raman shift corresponds to vibrational energies and is primar-
ily used for chemical identification and structural information.
The peak intensity or peak area is related to the concentration
of scatterers and the Raman cross section, and can also reflect
enhancement effects due to resonance [35]. The FWHM provides
information about lifetime broadening, disorder, crystallinity, and
interactions (e.g., phonon scattering or temperature effects). To
extract these parameters accurately, an appropriate fitting model
(such as Lorentzian, Gaussian, or Voigt profile) must be chosen
depending on the underlying physical broadening mechanisms.
Lorentzian profiles are typically associated with homogeneous
broadening (lifetime effects), while Gaussian profiles describe
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inhomogeneous broadening (e.g., disorder). If the goal is to de-
termine only the Raman shift (peak position), the choice of fitting
function generally does not strongly affect the result, provided the
peak is symmetric and well-resolved; however, for precise analysis
of FWHM or peak area, the choice of model becomes important
and must reflect the physical origin of the line shape.
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In the Raman spectroscopy measurements presented here, several
experimental challenges must be carefully considered to ensure
reliable interpretation of the results. Particular attention must be
given to the sample integrity, as improper laser conditions such
as excessive power or unsuitable wavelength can induce thermal
damage or alter the material’s properties.

Optimizing these parameters is therefore essential to obtain high
quality spectra while preserving the sample integer. Furthermore,
the assignment of Raman peaks to specific vibrational modes can
be nontrivial, requiring thorough comparison with literature and
a solid understanding of the system under study. In many cases,
overlapping features require peak deconvolution to accurately re-
solve individual contributions. Additionally, the interpretation of
the data must take into account that computational methods, such
as density functional theory (DFT), often overestimate vibrational
frequencies due to inherent approximations (e.g., the harmonic
approximation), which can complicate direct comparison with
experimental spectra. Together, these factors highlight the import-
ance of careful experimental design and critical analysis in the
discussion of Raman results.

4.1 Peak assignment

Peak assignment in Raman spectroscopy is essential because it
enables the direct correlation between vibrational features and spe-
cific molecular motions, allowing structural changes, temperature
phenomena, doping effects, and variations in the electronic state of
conjugated polymers to be accurately identified and interpreted.

Figure 4.1: Illuminated Raman spec-
trum of 𝑔3TT (black trace), dom-
inated by fluorescence background
and consequently poorly resolved,
compared with a well-resolved TT
spectrum (red trace).
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A detailed peak assignment is provided in Paper I. As observed
in this study, not all compounds could be directly investigated
using Raman spectroscopy. In particular, g3TT (see Figure 4.1 for
chemical structure) exhibited strong fluorescence, which obscured
the Raman signal and hindered spectral analysis (Figure 4.1). To
overcome this limitation, an isomeric compound without side
chains was examined instead, enabling the acquisition of clearer
and more interpretable Raman spectra.

In addition, the evolution of the Raman spectra across the polymeric
series was investigated as the number of thienothiophene rings
increased (Figure 4.2). The experimental data show good agreement
and reveal a progressive red shift with increasing chain length.
Such observations are crucial for peak assignment, particularly in
our case where thienothiophene is used as one of the fundamental
building blocks.

Figure 4.2: Raman spectra of
thienothiophene-based oligomers as
a function of chain length (𝑛). The
spectrum of thienothiophene (T2)
was measured experimentally, while
spectra for oligothienoacenes (𝑇𝑛 ,
𝑛 = 4 − 8 (color coded as index
𝑛)) were obtained from literature-
reported computational data [37].

4.1.1 Computational and experimental approach

For a detailed peak assignment, two complementary approaches
can be employed: density functional theory (DFT) calculations
and experimental analysis.1 While DFT provides valuable insight1: DFT calculations assume that the

potential energy surface is purely
harmonic while real molecular vi-
brations are anharmonic [38].

into the fundamental vibrational modes, experimental Raman
spectroscopy offers direct access to the actual response of the
system. In this work, the assignment was primarily guided by
experimental data, ensuring that the observed spectral features
reflect the real structural and environmental conditions of the
samples.
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4.2 Temperature-dependent Raman

spectroscopy

Temperature-dependent Raman spectroscopy is a powerful tool
for probing structural and dynamical changes in materials, as it
provides direct access to the evolution of vibrational modes as a
function of temperature. Variations in peak position, linewidth, and
intensity reflect changes in intermolecular interactions, anharmonic
effects, and structural rearrangements within the system.

One of the key advantages of this technique is its sensitivity to
relaxation processes. As the temperature approaches characteristic
transitions such as the glass transition temperature (𝑇g), the vibra-
tional spectrum exhibits measurable changes such as peak intensity
fluctuation, peak broadening and shifts, which are associated with
increased molecular mobility and the onset of structural relaxation
processes.

In Paper I, temperature-dependent Raman measurements were
used to monitor the evolution of specific vibrational modes across
a defined temperature range. By tracking changes in peak position
and peak intensity, insights into relaxation dynamics were obtained.
In particular, the analysis of the backbone and the side-chain
modes and their temperature dependence provides information
on collective motions and local rearrangements, which are directly
linked to the relaxation processes occurring in the material.

Thus, temperature-dependent Raman spectroscopy enables the
correlation of microscopic vibrational behavior with macroscopic
relaxation phenomena, offering a valuable approach for under-
standing the dynamic properties of conjugated polymers.

In temperature-dependent Raman experiments, silicon (Si) sub-
strates are particularly advantageous due to their high thermal
conductivity2, which ensures efficient heat dissipation and uniform 2: For Si, 𝑘Si ≈ 100 W m−1 K−1,

while for conjugated polymers 𝑘 ≈
0.1–0.5 W m−1 K−1 [39].

temperature distribution. Additionally, the well-defined and nearly
linear temperature dependence of the Si Raman peak position3 at

3: An additional observation is the
peak broadening, which is associ-
ated with increased lattice anhar-
monicity and a shortening of the
phonon lifetime as the temperature
increases [40].

520.6 cm−1 due to thermal expansion (Figure 4.3) can be used as
an internal thermometer to accurately monitor the local sample
temperature during measurements.
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Figure 4.3: Temperature-dependent
Raman spectra of silicon, recorded
from −100 to 150 ◦C, showing a sys-
tematic peak shift. Inset: peak posi-
tion as a function of temperature.

4.3 Doping and Raman spectroscopy

Figure 4.4: Raman spectrum of the
dopant F4TCNQ.

In this section, the aim is to highlight how the doping state of a
conjugated polymer can be experimentally identified. During the
doping process, the formation of poralons leads to a distortion of
the molecular structure. This structural modification is reflected in
Raman spectroscopy, typically observed as shifts in Raman–active
vibrational modes or changes in their relative intensities, due to
the accompanying reduction of the electronic bandgap.

In the case of chemical doping certain dopant molecules, such
as F4TCNQ, exhibit characteristic vibrational signatures that can
be directly detected in the Raman spectra (see Figure 4.4 for
pure dopant and Figure 4.5 for doped polymer). In contrast, for
dopants such as LiTFSI, no distinct additional Raman peaks are
typically observed, indicating a different interaction mechanism44: F4TCNQ induces doping via a

charge-transfer mechanism, often
giving rise to characteristic vibra-
tional modes of the dopant in
the Raman spectrum. In contrast,
LiTFSI doping proceeds via an
anion-exchange mechanism, where
no strongly Raman-active charge-
transfer complex is formed.

or extremely weaker Raman activity of the dopant species relatively
to the host polymer.

Figure 4.5: Raman spectrum of the
neat p(g3TT-T2) (black trace) and
of p(g3TT-T2) doped with F4TCNQ
(blue trace).

In this field, it is common to analyze the intensity ratios between
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Raman modes associated with the polymer backbone (–C=C–),
due to their high intensity and their origin in 𝜋-conjugated orbitals,
as these provide a reliable indicator of the degree of 𝜋-orbital
delocalization induced by doping (Paper II).

4.4 Spatial mapping

Figure 4.6: Picture under the micro-
scope of the polymer PBTTT depos-
ited onto the gold electrode as an
example of the mapped region.

Raman mapping is performed to spatially resolve variations in the
doping level across the sample (Figure 4.6) and to capture local het-
erogeneities that cannot be observed in single point measurements.
In Paper II, this approach reveals the presence of lateral doping
gradients, indicating that the doping process is preferentially en-
hanced over the gold channels upon introduction of a persulfonic
solution.

Raman mapping can be performed over the 𝑥-𝑦 plane, as demon-
strated in Paper II, to resolve lateral variations. In addition, depth-
dependent measurements can also be carried out to investigate
how the doping level and structural properties evolve through the
thickness of the film.5 5: An important parameter determ-

ining the spatial resolution is the in-
strumental setup. See Appendix A,
Optical parameters in Raman micro-
scopy, for an estimation of the achiev-
able spatial resolutions (laterally
and in-depth).
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5.1 Summary of key findings

In Paper I, Raman spectroscopy was employed to investigate the
vibrational modes of the conjugated polymer p(𝑔3TT-T2). A de-
tailed experimental assignment of Raman-active modes was carried
out, enabling the identification of specific vibrational signatures
associated with both the polymer backbone and the triethylene
glycol side chains. Temperature-dependent Raman measurements
were further used to probe the glass transition, providing insight
into the structural dynamics of the material. This approach es-
tablishes a robust framework for interpreting Raman spectra in
conjugated polymers with polar glycol ether side chains and for
linking spectroscopic features to relaxation phenomena and the
glass transition.

Paper II demonstrates a doping mechanism that is inherently spa-
tially non-uniform, originating at the gold interface and propagat-
ing laterally through the film. Raman mapping provides a powerful
means to resolve these variations, enabling direct visualization of
the resulting doping gradients across the sample. By monitoring
spatial changes in intensity ratios associated with the polymer
backbone, the evolution of the local doping level can be tracked
with micrometer resolution. This approach reveals that the dop-
ing process is preferentially enhanced near the gold electrodes,
highlighting the critical role of interfaces in governing the distri-
bution of charge carriers. Such spatially resolved spectroscopic
analysis is essential for understanding and controlling doping
in real devices, where local heterogeneities strongly influence
electronic performance.

5.2 Open questions

Despite the insights gained, several open questions remain re-
garding the interplay between doping and structural dynamics.
In particular, it is not yet fully understood how the 𝑇𝑔 evolves
upon doping. The introduction of charge carriers and counterions
may alter chain mobility, free volume, and intermolecular interac-
tions, potentially leading to either plasticization or stiffening of the
polymer matrix.

Furthermore, temperature-dependent Raman spectroscopy of
doped systems raises important questions about what inform-
ation can be extracted from the dopant-related vibrational modes.
In the case of F4TCNQ, shifts in characteristic peaks with temper-
ature may provide insight into the stability of the charge-transfer
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complex, changes in the degree of charge transfer, and the coupling
between the dopant and the polymer backbone. Understanding
these temperature-dependent spectral signatures could offer a dir-
ect probe of how electronic interactions and structural dynamics
evolve across the glass transition in doped conjugated polymers.

5.3 Ideas for future work

Figure 5.1: Schematic illustration of
(top, blue) a pristine, non-aligned
film and (bottom, red) an aligned
film after the alignment process. Ad-
apted from Ref. [41].

To further extend the work conducted so far, a promising direction
would be to investigate aligned polymer films using polarized
Raman spectroscopy. This will provide insight into the anisotropy
of vibrational modes and their relation to molecular orientation
and chain ordering. This approach could help quantify structural
alignment and correlate spectroscopic signatures with charge trans-
port properties. Another case could be investigating conjugated
polymers under electrochemical doping conditions using in-situ
Raman spectroscopy to enable real-time monitoring of structural
and electronic changes. Such measurements could reveal the evol-
ution of polaronic and bipolaronic states, track doping-induced
shifts in vibrational modes, and provide a deeper understanding of
the dynamics and stability of doped states in functional devices.
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Appendix A

1 Infrared spectroscopy

A vibrational mode is infrared active if it induces a change in the molecular dipole moment during
vibration [35]: (

𝜕𝜇

𝜕𝑄

)
≠ 0

where 𝜇 is the molecular dipole moment and 𝑄 is the normal vibrational coordinate.

As a result, infrared spectroscopy is particularly sensitive to:

▶ Polar bonds and functional groups
▶ Asymmetric vibrational modes
▶ Local chemical environments

Table A.1: Comparison between Raman and infrared spectroscopy

Aspect Raman Spectroscopy Infrared (IR) Spectroscopy

Physical process Inelastic light scattering Absorption of IR radiation
Selection rule Change in polarizability Change in dipole moment
Activity condition (𝜕𝛼/𝜕𝑄) ≠ 0

(
𝜕𝜇/𝜕𝑄

)
≠ 0

Strong for Symmetric vibrations Asymmetric vibrations
Sensitivity Non-polar, conjugated bonds Polar bonds, functional groups
Typical source Visible / NIR laser IR source
Water sensitivity Low High
Complementarity Often weak in IR Often weak in Raman

Figure A.1: Dispersion of light by gratings with low (top) and high (bottom) groove densities; from Ref. [42].



2 Optical parameters in Raman microscopy

The objective lens in a Raman microscope plays a central role in both focusing the excitation laser
onto the sample and collecting the weak Raman-scattered light. Its properties therefore strongly
influence spatial resolution and signal collection efficiency [43].

The performance of a Raman system is primarily governed by the Numerical Aperture (𝑁𝐴),
defined as:

𝑁𝐴 = 𝑛 sin(𝜃) (1)

where 𝑛 is the refractive index of the medium between the objective lens and the sample (e.g., 𝑛 ≈ 1
for air, ∼ 1.33 for water, and higher for immersion oils) and 𝜃 is the half-angle of the maximum
cone of light that can enter or exit the objective lens.

The spatial resolution, both laterally (Δ𝑥𝑦) and axially (Δ𝑧), is thus determined by the laser
wavelength (𝜆) and the 𝑁𝐴:

Δ𝑥𝑦 =
0.61𝜆
𝑁𝐴

(2)

Δ𝑧 =
2𝑛𝜆
𝑁𝐴2 (3)

Larger 𝑁𝐴 values lead to higher spatial resolution (smaller focal spots) in both lateral and axial
directions.

Furthermore, the collection efficiency of the Raman signal (𝐼) is directly proportional, apart from
the 𝜆−4 dependence of Raman scattering, to the square of the 𝑁𝐴:

𝐼 ∝ 𝑁𝐴2 (4)

Thus, objectives with higher 𝑁𝐴 not only improve spatial resolution but also significantly enhance
the collected Raman signal.

3 Connection between fragility (Angell) and Williams–Landel–Ferry

(WLF)

The WLF equation is widely used to describe the temperature dependence of relaxation dynamics
near the glass transition and provides a convenient framework to quantitatively relate time–
temperature superposition to the concept of fragility.

WLF equation (shift factor) [44]:

log(𝑎𝑇) = −
𝐶1(𝑇 − 𝑇𝑔)

𝐶2 + (𝑇 − 𝑇𝑔)
(5)

Time–temperature superposition relation [44]:

log(𝜏(𝑇)) = log(𝜏(𝑇𝑔)) + log(𝑎𝑇) (6)

Definition of fragility [31]:

𝑚 =
𝑑 log10(relaxation)

𝑑(𝑇𝑔/𝑇)

����
𝑇=𝑇𝑔

(7)



Change of variable:

𝑥 =
𝑇𝑔

𝑇
(8)

⇒ 𝑑

𝑑𝑥

����
𝑥=1

= −𝑇𝑔
𝑑

𝑑𝑇

����
𝑇=𝑇𝑔

(9)

Relation to shift factor:
𝑚 = −𝑇𝑔

𝑑 log(𝑎𝑇)
𝑑𝑇

����
𝑇=𝑇𝑔

(10)

Differentiate WLF form:

log(𝑎𝑇) = −
𝐶1(𝑇 − 𝑇𝑔)

𝐶2 + (𝑇 − 𝑇𝑔)
(11)

𝐿𝑒𝑡 𝑦 = 𝑇 − 𝑇𝑔 (12)

log(𝑎𝑇) = − 𝐶1𝑦

𝐶2 + 𝑦
(13)

𝑑 log(𝑎𝑇)
𝑑𝑦

= −𝐶1
(𝐶2 + 𝑦) − 𝑦

(𝐶2 + 𝑦)2 = −𝐶1
𝐶2

(𝐶2 + 𝑦)2 (14)

Evaluate at T = 𝑇𝑔 (i.e., y = 0)
𝑑 log(𝑎𝑇)

𝑑𝑇

����
𝑇=𝑇𝑔

= −𝐶1
𝐶2

(15)

Final fragility expression:

𝑚 = −𝑇𝑔
(
−𝐶1
𝐶2

)
=

𝐶1𝑇𝑔

𝐶2
(16)

As seen from the final expression, the fragility 𝑚 emerges as a dimensionless parameter determined
by the ratio of the WLF constants, linking macroscopic relaxation behavior directly to empirical
thermorheological parameters.
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