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Abstract
Herein, we present an optical study of a stable Blatter radical derivative (CF3) embedded in two
types of electrospun fibers based on PEO/PLLA and PMMA polymers. Such novel composites
may find applications in batteries or photosensitizers. Steady-state and time-resolved
photoluminescence spectroscopy is employed to probe the emission characteristics of the novel
composite that are compared with control samples based on pristine radical films and radical
inserted into inert PMMA matrixes at various concentrations. The study provides understanding
on the electronic properties of the composites and indicates that the radical molecules selfassembly even at very low concentrations to into dimers or aggregates when embedded in the
polymer fibers. The degree and type of aggregation appears to vary in the two polymer systems
used. For PEO/PLLA radical the different spectral and temporal characteristics of the
luminescence indicate a change in the molecular conformation of the radical molecule upon
embedment on the fibers and/or the formation of ground state dimers or aggregates that exhibit a
different structure to that formed in spin-coated films. On the other hand, PMMA-based fibers
exhibit characteristics that resemble closer the respective characteristics of the pristine CF3 film,
which indicates the formation of similar type of aggregates in the films and the fibers. Our study
provides insight into the unexplored optical properties of novel composites based on polymerradical components.
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Motivation
A free radical is an atom, molecule, or ion that has unpaired valence electrons. The presence of
unpaired electrons, typically makes free radicals very reactive towards themselves or other
substances. Thus, their molecules often dimerize or polymerize if they meet each other [1]. Stable
radical exists and are being used in many areas of chemistry, as building blocks in new materials
like magnets and batteries. These unique properties of radicals, in addition to low cost and
chemical flexibility makes them suitable for groundbreaking applications from energy storage to
quantum computing. In recent years, a large variety of novel, stable N,O- and N-centered radicals
were synthesized, for instance nitroxides, nitronyl and imino nitroxides, aminyls, verdazyls, and
Blatter radicals [2]. The great fraction of the reported studies has been focused on their interesting
magnetic properties of such systems, rising from the presence of unpaired electrons, however
recently interest in other aspects and applications such as optoelectronic has started to emerge.
Novel composites of radicals with other organic materials such as polymer fibers may find
applications in batteries, biomedicine and optoelectronics. The motivation of this thesis is to
investigate in detail the optical properties of a stable Blatter radical (CF3) embedded in two types
of electrospun fibers based on PEO/PLLA and PMMA polymers and assess whether the radical
compound is incorporated into the polymer fibers as a molecular monomer or self-assembles into
radical aggregates.
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1. Theoretical Background
1.1.

Semiconducting Organic Molecules

After the discovery of Shirakawa, MacDiarmid, and Heeger in 1977 of highly conducting
polyacetylene, π-conjugated systems and generally semiconducting organic molecules, have
attracted much attention as the materials of the future. These discoveries also help in the
development and improvement of a promising avenue for future electronics based on organic
materials. There are some interesting advantages of organics over crystalline inorganic material.
One of them is their structural versatility that allows for new materials and functionalities by
molecular design. To date, an exciting library of π-conjugated systems for use in organic devices
have been demonstrated [3].
Organic semiconductors structured by small conjugated molecules and polymers have a lot of
promising applications in many devices such as organic light-emitting diodes (OLEDs), organic
photovoltaics (OPVs), organic field-effect transistors (OFETs) and many others. To date, research
focus on low-cost production and flexible, light-weight electronic devices for electronic
applications. Most of them are based on high charge carrier mobility. The chemical structure of
the conjugated frames and the intermolecular π-orbital overlap are the main factors governing
charge mobilities. Conductive polymers are often conductive or at least semiconductors and
sometimes show mechanical properties like those of conventional organic polymers [4]. Moreover,
to increase the charge mobility, the polymers are typically imposed to doping which introduces
impurities into the material for modulating its electrical properties [5].

1.2.

Carbon Bonding and Hybridization

Carbon is a very special element. Carbon atoms can bond together in almost unlimited degree and
this due to its electron configuration and the hybridization phenomena that happen. There are
empirical proofs that atomic orbitals hybridize to form molecular orbitals. Some important
properties of carbon atom are that orbitals can hold a maximum of two electrons and when all
shell’s orbitals are filled, the shell is closed. There are different orbital types like s, p, d, f and g
and each of them has singular spatial symmetry. S – orbitals have spherical spatial symmetry. P –
orbitals have barbells like shape, directed along an axis with p – orbital electrons are subdivided
into 𝑝𝑥 -orbital, 𝑝𝑦 -orbital and 𝑝𝑧 -orbital electrons [6].
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Figure 1: s – atomic orbital and p – atomic orbitals of Carbon atom [7]

Scientists recognized that closed shells do not hybridize, but unfilled shells do. Ethylene (𝐶2 𝐻4 )
is a perfect example showing the need for hybrid orbitals. Carbon atom ground state configuration
is: 1𝑠 2 2𝑠 2 2𝑝2 and according to Valence Bond Theory, each carbon should form two covalent
bonds, resulting in a 𝐶𝐻2 and one double bond with the other C, which is 2𝐻𝐶 = 𝐶𝐻2 . The only
way 𝐶2 𝐻4 can be explained is, the two 2s and the two 2p orbitals fused together to make three,
equal energy 𝑠𝑝2 hybrid orbitals and one 2p orbital. Orbitals hybridization is favored because
these hybridized orbitals have lower energy compared to their separated, unhybridized
counterparts and this results in more stable compounds. Moreover, major parts of the hybridized
orbitals, or the frontal lobes, there is better hybridized lobes overlapping better and this leads to
better bonding [8].

Figure 2: Orbital hybridization in Ethylene C2 H4 [8].

The bonds that are formed between C and H are the so called σ bonds. σ bond is the bond between
𝑠𝑝2 hybridized C atoms and the s – orbitals of Hydrogen. The double bond between the two Carbon
atoms consists of a σ bond, where the electron pair is in a plane defined by the line connecting the
two nuclei of the C atoms, and a π bond (pi bond), where the electron pair is in a plane above and
below the σ – bond [8].
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1.3.

π – bonds

Figure 3: Two p-orbitals forming a π-bond [8].

As we said above, side-to-side overlap of p-atomic orbitals along a plane perpendicular to a line
connecting the nuclei of the carbon atoms creates a covalent bond referred as π bond. σ (sigma)
bonds are usually stronger than π (pi) bonds. The carbons double bonding, composed of a pi and
a sigma bond, has a bounding energy less than twice that of carbons single bonding, indicating that
the stability added by the pi bond is less than the stability of a sigma bond. The significant less
overlapping between the p-orbitals is due to their parallel orientation. That makes the pi bond
weaker than sigma, in which sigma bond the hybridized orbitals are overlapping more and directly.
This lead to more diffuse bonds in p-orbitals, which are pi-bonds. The diffuse electrons in pi-bonds
are referred to as pi-electrons (π-electrons). For homonuclear diatomic molecules, bonding π and
the corresponding π* antibonding molecular orbital are created [8] [9].

Figure 4: Molecular energy levels [9]

1.4.

Electronic delocalization

Delocalized electrons are the electrons in an ion or molecule that are not related with a covalent
bond or an atom. In the field of organic chemistry, this refers to resonance in conjugated
13

systems and aromatic compounds. In the field of solid-state physics, this refers to free
electrons that accommodate electrical conduction. In the field of quantum chemistry, this refers
to molecular orbitals that extend over many adjacent atoms. For example, in benzene aromatic ring
the delocalization of six pi electrons over the 𝐶6 ring is mainly graphically indicated by a circle
(see Figure 5). The delocalization is indicated by the fact that the six carbon bonds are equidistant
[10]

Figure 5: Orbital Representation of the pi bonds in Benzene, showing the Electron delocalization [10].

2. Optical properties of molecules
2.1.

Singlet and triplet states in a molecule

In a molecule, the electronic states can be arranged in order of increasing energy. In molecule’s
atoms, the electrons fill up the molecular orbitals until they are all in pairs with their spin
antiparallel. The highest occupied molecular orbital is called HOMO and in the case of conjugated
molecule this will be a π orbital (pi orbital) because σ bond is very strong and a higher energy
needed to break. The lowest unoccupied molecular orbital is called LUMO and this will be an
excited π orbital, a π* state. So, the transition with the lowest energy will be the π - π* transition.
HOMO level is the ground state and has a total zero spin quantum number. The excitation process,
which is the process where an electron is excited and transferred from the ground state to an excited
state, leaving an unpaired electron in HOMO level as illustrated in the Figure 6. According to the
addition of angular phenomena rules, this means that the total spin of the excited state will be equal
to zero or one and that depends on the orientation of electron’s spin. The one case with total zero
spin is where the electrons have their spin parallel, ↑↓. The other case is where the total spin is
equal to one. There are three possible ways to have total spin equal to one: 𝑖) ↑↑, 𝑖𝑖) ↓↓ and iii)
1⁄2 (↑↓ −↓↑) . Generally, each molecule has its own ground state 𝑆0 and excited states
𝑆1 , 𝑆2 , 𝑆3 , …, which are playing a very important role in their optical spectra [11].
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Figure 6: Singlet and Triplet states in a molecule [11].

2.2.

Jablonsky diagram: Radiative and non – radiative transitions in
molecules.

Figure 7: The Jablonski diagram features the energy levels within a molecule where valence electrons could be
excited [12].

The Jablonski diagram illustrates the various excitation, relaxation and recombination mechanisms
in a molecule after the absorption of electromagnetic radiation and the excitation of an electron to
a singly excited state, for example, in 𝑆2 excited level. Excited electrons do not change their spin
while they excited by a photon because this is not energetically favorable and photons do not have
spin. This is an excited situation which are short-lived and release the excess of their energy
through radiative or non-radiative transitions. The radiative process is known as fluorescence.
Radiationless transitions include the vibrational relaxation, which causes the electron to occupy
the ground vibrational state of the electron state, the internal conversion and intersystem crossing.
The excess of electron energy is transformed in such cases into thermal energy of the crystal. Each
electronic state (𝑆0 , 𝑆2 , 𝑇1 , etc) has its own set vibrational levels. The electronic states and the
vibrational states are strong coupled. If you change the electronic state that means a change to the
vibrational mode. The sum of vibrational and electronic state is called vibronic. [12].
15

If the excited electron relaxes from 𝑆2 to 𝑆1 then an internal conversion happens. No energy is
emitted in this conversion. If the electron now occupies an excited vibrational level of 𝑆1 , then
relaxes further to the ground vibrational level of 𝑆1 and finally returns to the ground electron state
𝑆0 by emitting a photon. The energy of the photon emitted is equal to 𝑆1 - 𝑆0 energy difference
which is the energy gap. A transition from the excited state single S1 to the triplet 𝑇1 is a process
where a spin-flip occurs and is known as intersystem crossing. Intersystem crossing is possible for
molecules containing heavy atoms that introduce a strong spin – orbit interaction and a mixing of
singlet and triplet states. Upon population of the T1 state, the electron can participate in a radiative
process to the ground state single state with another flip of its spin, a process known as
phosphorescence. Phosphorescence is statistically less likely to happen than fluorescence because
it is a forbidden transition due to the selection rules that allows transitions between states of the
same spin multiplicity. The lifetime of fluorescence is much shorter (in the picosecond to
nanosecond regime) compared to phosphorescence lifetime that span from microseconds to
minutes [12].

3. Photoexcitation
In molecular materials, light can generate a variety of excited species such as excitons, excimers,
exciplexes and more that are further described below.

3.1.

Frenkel excitons

A. Kronenberger et al. in the late 1920s observed narrow photoemissions lines in the spectra of
organic molecular crystals. The Russian theorist Yakov Frenkel came to explain these features
with his findings, introducing in 1931 the concept of excitation waves in crystals and in 1936
invented the term “exciton”. A Coulomb-correlated electron – hole pair defines an exciton. The
concept that Frenkel introduced was that the crystal’s potential is a perturbation to the Coulomb
interaction among an electron and a hole which belong to the same crystal cell and this method is
more effective in organic molecular crystals. This type of exciton is called “Frenkel exciton” and
its ionization energy to a non-correlated electron hole pair can be of the order of 100-300 meV
which is considerably larger than the thermal energy in room temperature, making excitons the
dominant photoexcitation species of monomers of organic materials. Frenkel excitons exhibit such
strong electron-hole Coulombic interaction because molecular crystals have small relative
dielectric constant (~1.5 − 2), resulting in high exciton binding energies and localization of
excitons on a system unit cell [13] [14].
The emission of small and large organic molecules disolved at low concentrations in organic
solvents are dominated by intramolecular Frenkel excitons. An example is shown in Figure 8, for
a dye; the dye fluorescence is attributed to the radiative recombination of Frenkel excitons.
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Figure 8: Absorption and Emission spectrum of pyrromethene 567 in benzene solution [11].

3.2.

Excimers

In organic materials, which are composed by only one component and chemically identical
molecules which do not form dimers or larger aggregations in their ground states, the formation
of bimolecular (B-M) excited states is possible. This is possible due to resonance interactions of
an excited molecule (molecular exciton) with the neighboring non-excited molecule. Such
photoexcited species are called “excimers”. Intermolecular exchange of the singlet or triplet
excitation energy and charge can define the exciton and charge-transfer resonance. Exciton
resonance leads to “locally-excited excimers”, the known local excimers. Charge-transfer
resonance leads to “charge-transfer excimers”, the known CT excimers. In general, the
photoluminescence spectrum is mixture of these two types of excimers [15].
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Figure 9: Quantum mechanical description of the excimer state (either singlet,1, or triplet, 3) composed of a locally
excited (loc) and charge-transfer (CT) components of this B–M excited state formed in the exciton and CT
resonance interactions as ilustrated above [15].

Another type of bimolecular excitation is electromers. Electromers is coulombically-correlated
electron – hole pair when the electrons and holes are injected in the single component molecular
crystal and can decay with a non-zero cross transition radiative rate constant. This radiative process
in such case is called electroluminescence (EL). This process is shown in Figure 10 [15].

Figure 10: The formation of an electromer when a single component emission layer is electrically excited [15].
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Here is important to understand more the origin of light emission from organic materials such as
conducting polymers. In many cases, in the photoluminescence (PL) process the emission of
exciton is competing with the emission of excimer and emission efficiency is smaller when
excimers are present. In order to derive safe results from what observed in a PL spectrum, it is
important to understand the characteristics of excimer emission and how it looks like [16].

Figure 11: Photoluminescence (PL) spectra at room temperature. a) thin film of PPyBT; b) thin films of
PPyBT/PMMA blends. The excitation wavelengths were 400 and 440 nm for the PL spectra of (b) and (a)
respectively [17].

Figure 11 shows the PL from thin film of PPyBT which is a conjugated polymer which is primarily
nominated by excimer emission. However, in PPyBT/PMMA, blend of conjugated polymers at
low concentrations with non-conjugated polymer PMMA, PL spectrum is a highly-structured
emission identifiable as that of the Frenkel exciton. PMMA non-conjugated polymer prevent
PPyBT from creating excimers (aggregations) [17].
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Figure 12: Comparison of PL and EL from a 20% anthracene–polycarbonate blend emitter. EL originates from a
single-layer LED with ITO and Ca provided anode and cathode, respectively. We note the differences between PL
and EL spectra, caused by the apparent presence of B-M states (excimers and electromers) in the EL spectrum [15].

In the Figure 12, the different types of photoexcitations in 20% anthracene–polycarbonate blend
emitter can be easily observed. In the PL spectrum, exciton emission is apparent with wellresolved, vibrational progression. Excimers are not only appeared in photoluminescence of
conjugated polymers, but are observed also in electroluminescence (EL) [17]. In EL spectrum, we
can see an additional emission peak at 530nm which is ascribed to electromer emission. In general,
EL spectrum is a combination of emission from various types of excimers forms within the long
wavelength tail of the emission spectrum [15].

3.3.

Exciplex

Exciplexes in general appear in two-component organic solids, for example in two-component
emission layer of an electron acceptor (A) and an electron donor (D). In these types of twocomponent organic solids, once an electron is transferred from donor to acceptor molecules,
bimolecular excited states are formed, the so called exciplexes. Exciplexes, as in the case of
excimers, is a combination of both exciton and charge transfer resonances. An exciplex is mixture
of local (loc) and CT exciplexes [15].
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Figure 13: Emission spectra from an electron donor (TPD), electron acceptor (PBD) (PL) and from their blend in a
neutral binder (PC), TPD:PBD:PC (PL and EL) [15].

In Figure 13, in the left graph a, PL and EL spectra of TPD:PBD:PC blend (TPD: electron donor,
PBD: electron acceptor, PC: neutral binder) are displayed. The PL spectrum is different from EL
spectrum. PL is mainly dominated by exciplex emission. When the blend is electrically excited,
we notice an extra peak at 600nm which is ascribed to electroplex emission [15]. Excited
complexes, like exciplexes, derive their stability from delocalization of the electronic excitation
over the two molecules and from partial electron transfer between the donating and accepting
molecule. Exciplex charge transfer character has been found to increase with the strength of the
electron donating properties of the one component and with the electron affinity of the other. The
redshifted emission which has been observed in heterojunctions of polymer-polymer blends is
attributed to exciplex state [18].

4. Radical Organic Molecules
A radical and more precisely a free radical, in the field of chemistry, is an atom, molecule,
or ion that has unpaired valence electrons. The presence of unpaired electrons, typically makes
free radicals very reactive towards themselves or other substances. Thus, their molecules
often dimerize or polymerize if they meet each other or they tend to react with other chemical
species and become reduced or oxidized [19]. Stable radical exists and are being used in many
areas of chemistry, as building blocks in new materials like magnets and batteries. These unique
properties of radicals, in addition to low cost and chemical flexibility makes them suitable for
groundbreaking applications from energy storage to quantum computing. In recent years, a large
variety of novel, stable N,O- and N-centered radicals were synthesized, for instance nitroxides,
nitronyl and imino nitroxides, aminyls, verdazyls, and Blatter radicals [2]. The great fraction of
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the reported studies has been focused on their interesting magnetic properties of such systems,
rising from the presence of unpaired electrons, however recently interest in other aspects and
applications such as optoelectronic has started to emerge.

4.1.

Verdazyl radicals and Blatter radicals

Verdazyl radicals are stable free radicals [20] and they are first discovered in 1963 by
H.Trischmann and R.Kuhn during attempts to alkylate formazans [21]. Their characteristics such
as high chemical stability and synthetic versatility make them very attractive for use as alternatives
to nitroxides in molecular magnet design and other concepts. They belong in π radicals class due
to their high stability caused by the symmetrical delocalization of the unpaired electrons. Verdazyl
radicals are among the most robust of all stable radicals. They are air- and water-stable and most
of them do not require steric bulk. Verdazyl radicals can be isolated, stored, and handled
without decomposition [20].

Figure 14: The basic structure of verdazyl radicals [21].

Figure 15: Possible atomic composition and substitution patterns of verdazyl radicals [21].

New discoveries of new radical families like Verdazyl radicals were followed. Blatter et al. in
1968, first prepared the parent radical: 1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl which is
well known as Blatter’s radical [22]. Blatter’s radical derivatives unique properties make them
ideal for use in many materials and in different fields of study. They are also used in molecular
magnets, in ESR as spin labels, in living radical polymerizations as polymerization inhibitors and
mediators [21].
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4.2.

Singly Occupied Molecular Orbital of radical molecules

The unpaired electron in radical molecules, introduces a new molecular state called Singly
Occupied Molecular Orbital (SOMO) that lies within the HOMO-LUMO gap. The SOMO level
is the highest partly-occupied molecular orbit of radical as it shown in Figure 16 [23].

Figure 16: Somo level of radical which is half occupied, that's why it's called singly occupied molecular orbital [24].

Radicals from electron-donor groups, interact with the HOMO orbital to give a higher SOMO
energy, while radicals from electron-receiving groups interact with LUMO to give a SOMO of
lower energy. These SOMO energies are found between HOMO and LUMO of non-radical
molecules. In the reaction between a non-radical molecule with a radical, SOMO-HOMO and
SOMO-LUMO interactions should be considered. In both cases, the interaction leads to a reduction
in energy and the formation of a bond, since a SOMO-HOMO interaction deposits two of the three
electrons in a lower orbital, while SOMO-LUMO interaction places the single electron in a lower
energy orbital. SOMO's energy determines whether interaction with HOMO or LUMO will
prevail. The electronic states with low SOMO energy, will be closer to LUMO energy and so the
SOMO-LUMO overlap will prevail and the radical’s photoluminescence spectrum will be
nominated by these transitions [23].

4.3.

Ground state aggregation in radical molecules

Radicals, due to the unpaired electrons, tend to self-assemble with each other in the solid state
forming dimers or aggregates. The fact that there are close intermolecular distances between
radicals in the solid state, which are significantly shorter than the sum of the van der Waals radii,
indicate strong bonding interactions between radical centers, for example formation of singlet
ground state configurations π*- π* dimers [22].
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Figure 17: 7-Trifluoromethylbenzotriazinyl Radical [22].

Figure 18: Geometry of 7-Trifluoromethylbenzotriazinyl Radical in the crystal and the crystallographic atom
numbering that is used in the discussion of the X-ray structure [22].

For the radicals shown in Figure 17 (its geometry is shown in Figure 18), the packing reveals that
radical forms slipped π-stacks along the crystallographic a-axis (Figure 19a) with a slippage angle
of 27.8°. Within these π-stacks the heterocyclic rings (Figure 19b) form a regular set of long
contacts greater than the sum of the van der Waals radii, consistent with retention of their
paramagnetic nature in the solid state. For example, the distance between the N3 atoms of
neighboring π-stacked radicals was well above the sum of their van der Waals radii (3.1 Å). In 7Trifluoromethylbenzotriazinyl radical, neighboring columns are connected through a net of
contacts including some in which the CF3 groups participate (Figure 19c); these weak intercolumn
𝐶 − 𝐻 ⋯ 𝐹 − 𝐶 contacts (2.62 - 2.67 Å) appear to link adjacent radicals in a head-to-tail manner
parallel via a 21 screw axis. Even longer 𝐶 − 𝐹 ⋯ 𝐻 − 𝐶 contacts to the N-bound phenyl group
generate 2D sheets in the bc plane (Figure 20a). The sheets pack in a parallel zigzag arrangement
down the crystallographic a-axis (Figure 20b), giving rise to efficient packing without any voids
potentially accessible to solvent molecules. The closest 𝐹 ⋯ 𝐹 contacts between CF3 groups (2.92
Å) falls close to the sum of van der Waals radii (2.94 Å) [22].
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Figure 19: Diagrams of 7-Trifluoromethylbenzotriazinyl Radical showing the packing along the a axis [22].

Figure 20: Diagrams of radical 4 showing the packing along the c axis [22].
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4.3.1. Optical properties of aggregated radical molecules
In radicals, the aggregation phenomena are π-dimerization or polymerization and are attributed to
radicals SOMO-SOMO bonding interactions [25]. In order to understand what the changes are in
photoluminescence spectra when radical aggregations appeared, we refer to the example below.

Figure 21: Left: Absorption spectra of radical dibenzofulvene (DBF) polymerization products in CHCl3 SOLVENT,
Right: Their Photoluminescence Spectra [26].

The polymerization of free radical of dibenzofulvene (DBF) was examined in CHCl3 solvent and
the absorption and fluorescent spectra are shown in Figure 21 left and right respectively. The
reduce in absorption intensity in radical polymerization products (A, B in figures) is a
characteristic of a π-stacked structure. In their fluorescence spectra, the PL emission of radical
polymerization product like A, comes from dimer (excimer) emission at 400 nm, which is
characteristic of a π-stacked structure while the PL from monomeric unit of Fluorene comes from
monomer (exciton) emission [26].

5. Polymer Fiber Composites: Types and Applications
Polymer fiber composites have emerged as versatile materials with interesting properties. They
created by several processing techniques such as electrospinning, drawing, template synthesis,
phase separation, self-assembly, etc. The electrospinning process is the only method which can
develope mass production of one-by-one continuous nanofibers from various polymers. Fibers
have different lateral sizes, from micrometers to nanometers, yielding microfibers and nanofibers.
Nanofibers have very large surface area to volume ratio and they are attractive for surface sensitive
applications. Moreover, they have superior mechanical performance like stiffness and tensile
strength [27].
Polymer fibers find nowadays their way in many outstanding applications. They are used as
reinforcements in composite developments, as filtration systems, as medical prosthesis mainly in
26

grafts and vessels and many other. Figure 22 is a schematic diagram illustrating these patent
applications and more extended application areas are summarized in Figure 23. Most of these
applications have just reached at a laboratory research level and development stage and not in
industry level. However, their promising capabilities is believed to be attract the attention and
investments from academia, governments, and industry all over the world [27].

Figure 22: Application fields targeted by US patents on electrospun nanofibers [27].

Figure 23: Potential applications of electrospun polymer nanofibers [27].
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To date, society needs alternative energy sources and energy storage applications, so many
researchers focus their interest on new materials and morphological modifications with micro or
nano scale to create and improve the performance of organic batteries. Radicals, as we said above,
can have magnetic properties, and radical-polymer electrospun fibers can be used in such organic
batteries.
In this thesis, we perform spectroscopic studies of radical polymer electrospun fibers and spin
coated films to investigate the presence of solid state aggregation phenomena and how the
photoluminescence spectra and the PL average lifetime changes with different radical
concentrations.

6. Experimental Techniques:
6.1.

Electrospinning:

Electrospinning technique; “electrospinning” comes from “electrostatic spinning”, was used to
produce polymer fibers using an electrostatic force. The concept of electrospinning based on two
electrodes with different potential. The one electrode placed on the metallic spinneret filled (see
Figure 24) with the radical polymer solution and the other electrode was placed on a metallic
collector. Once the charged solution ejected out from the spinneret, the formed fibers were
collected on the metallic collector. The molecular weight and viscosity of polymer solution were
the two parameters defining potential difference [27].

6.1.1. Electrospinning setup:
Electrospinning set up is shown in Figure 24. This setup has relatively low cost and consist of a
syringe filled with the polymer solution, a metallic target, a flow controller and a voltage source.
The applied voltage causes the solution to elongate forming a “Taylor cone” at the needle tip and
when it is strong enough the electrostatic forces overcome the surface tension of the polymer
solution which is ejected towards the metallic target. During this process, the solvent dries in flight
resulting to the deposition of dry fibers onto the collector. The electrically-charged jet then
undergoes a stretching procedure and a long, thin fiber is formed [28].
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Figure 24: Electrospinning setup [28].

6.2.

Spin coating:

The technique for applying thin film on a substrate is widely known as Spin Coating technique.
The process of spin coating is very easy and quick and produce uniform and good quality films
with the thickness ranging from a few nanometers to a few microns. It is used in a wide variety of
laboratories and industries [29].

6.2.1. Spin coating set up:

Figure 25: Example of spin coating a small molecule in solution [29].

Spin coating process is shown in Figure 25. Before anything, quartz substrates were chemically
cleaned in ultrasonic bath and sequential cleaning with isopropanol and acetone. Then the substrate
is coated in the solution containing the polymer and organic material(radical) dissolved in a
solvent. The mixture of organic and a polymer material is called hybrid material. Then is rotated
at high speed and the majority of the solution is flung off the side leaving a plasticized film. Finally,
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the film fully dries to just leave the molecules with the polymer on the surface [29]. In Figure 26
is a homemade spin coating setup created in our laboratory. This setup consists of a disk where the
substrate is hold on and a spin controller which controls the spinning speed [24].

Figure 26: Homemade spin-coater for the films preparation [24].

6.3.

Optical Spectroscopy:

6.3.1. Photoluminescence:
Once a material is optically excited, then emits a light which is photoluminescence(PL). PL is a
form of luminescence once there is photoexcitation. Photoluminescence at a certain energy, or at
a certain wavelength, is indication that excitation populated an excited state associated with this
transition energy [11].
6.3.1.1.

Setup:

The spectrometer FL3 from the HORIBA-JOBIN YVON has been used for the performance of all
measurements. The setup and its parts described below in Figure 27.
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Figure 27: The spectrometer’s FL3 setup from HORIBA-JOBIN YVON [30].

A source of radiation produce and provide photons to the system. The source is 450W xenon-lamp.
The beam of light if filtered by a monochromator, which are the diffraction gratings, and allows
to a single wavelength beam to reach the sample and excite it. The sample is excited by the beam
and emit a light which is filtered again and through the diffraction gratings – spectrometer, and
finally ends up in a photomultiplier detector. By scanning the spectrometer through a wavelength
region, the variation of PL intensity as a function of wavelength is recorded and a spectrum is
produced by its appropriate interface [30].
Spectrometer’s main parts:
1. Excitation Source:
The excitation source (Figure 28) is an ozone free 450W xenon-lamp with continuous spectrum
and yields light across the whole visible wavelength region [30].
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Figure 28: Emission Spectrum of Xenon lamps [24].

2. Double Excitation Monochromator:
The double monochromator (Figure 29) in the excitation part of the apparatus consists of 1200
slits/mm grating with spectral dispersion of 2.1nm/mm. The excitation monochromator is
manually controlled through software’s real time control (RTC) mode. The monochromator in
combination with the source (Xe lamp) was used to create the desired monochromatic excitation
beam [30].

Figure 29: Double Excitation Monochromator [24].

3. Emission iHR320 spectrograph:

The iHR320 spectrograph (Figure 30) has a 320mm focal length monochromator f/4.1 with two
output ports lead to two thermoelectric-cooled photomultipliers: the front exit leads to H10330-75
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(PMT) in response to the infrared and the lateral exit to UV-VIS TBX-07C in response to the near
ultraviolet and visible. These ports are selected by a motorized flip mirror from the software. The
detectors have motorized slits that can be tuned from 0 to 7 mm and a motorized grating turret
including three different gratings: NIR grating with slits 600 grooves/mm, NIR grating with slits
300 grooves/mm and UV-VIS grating with slits 1200 grooves/mm [30].

Figure 30: Emission iHR320 spectrograph [30].

4. ΤΒΧ Detector (UV-VIS):
TBX Detector (UV-Vis) (Figure 31) is a photomultiplier tube (PMT) with detecting wavelength
range of 250-850 nm [30].

Figure 31: ΤΒΧ Detector [30].
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5. Detector Η10330-75:
Detector H10330-75 (Figure 32) is PMT with detecting wavelength range of 950-1700nm [30].

Figure 32: Detector Η10330-75 PMT [24].

These two detectors, the TBX Detector (UV-Vis) and Detector H10330-75, are sensitive
photomultiplier tubes. The operation of the photomultiplier is relatively simple. It is initially
receiving a small number of photons on a photocathode which export photoelectrons in vacuum,
at a pressure of about 10−4Pa. With several electron multipliers, electrons are accelerated between
secondary cathodes called dynode. Whenever photons incident on a dynode, new photoelectrons
are exporting up to 6 orders of magnitude more. So, the out up result can be utilized for the study.
Figure 33 shows schematically the operation of a photomultiplier [30].

Figure 33: Photomultiplier operation and parts [24].
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6.3.1.2.

Experimental process for Photoluminescence:

Samples were placed in a holder like in Figure 34 with a goniometer on it. Experiments were
performed in normal conditions at laboratory of Solid State and Condensed Matter department of
university of Cyprus. The angle between the incident light beam and the sample plane was set to
30° with the help of the goniometer in order to avoid the entrance of scattering light coming from
the excitation source beam.

Figure 34: Sample holder for films and fibers [24].

The next step is the optimization of the optical alignment and the input of the appropriate settings
in the software program. To recorn emission spectrum, a fixed wavelength is used to excite the
sample while varying the emission wavelength by scanning the monochromator. The intensity of
emitted radiation is obtained as a function of the emission wavelength and depending on the
excitation wavelength, appropriate long pass filter was used to prevent the excitation beam to be
detected. For example, if the sample is excited at 390nm, a 400-nm long pass filter was used. The
results obtained in a form of data files and are analyzed by OriginPro 9.0 64Bit program. First, the
background was removed from the data and finally graphs of PL intensity in respect of wavelength
were obtained and analyzed.

6.3.2. Photoluminescence Excitation (PLE):
Photoluminescence excitation (PLE) is a technique based on a polychromatic emission beam that
is spectrally filtered, as the excitation wavelength is scanned. Thus, the luminescence is monitored
at a specific energy of the under-study material. The PLE spectrum’s peaks often coincide with
the absorption peaks of the material, but PLE spectrum provides more information about which
absorption’s transitions (peaks) are also emissive and at what extent. PLE spectroscopy is a useful
method to study the structure of electronic level of materials with low absorption due to the
superior signal-to-noise ratio of the method compared to absorption measurements.
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6.3.2.1.

Experimental Process for Photoluminescence Excitation (PLE)

To perform PLE measurements, spectrometer FL3 from the HORIBA-JOBIN YVON was used.
To obtain an PLE spectrum, detection was set to a fixed wavelength while varying the excitation
wavelength by scanning the excitation monochromator. Depending on the fixed detection
wavelength, an appropriate long pass filter was used.

6.3.3. Time-resolved Photoluminescence (TR-PL):
Time resolved photoluminescence (TR-PL) is an experimental technique that provides the
temporal and spectral evolution of sample’s emission following its excitation by a short laser pulse
light. More precisely, the short pulse of laser light creates an excited state which is electron-hole
pair that can decay to sample’s lower energy levels. These pairs are subsequently recombine
emitting electromagnetic radiation which is composed of a set of wavelengths corresponding to
transition energies of the sample. So, the measurement of sample’s PL spectrum as a function of
time provides a way to measure the transition energies and their lifetimes [31]. In a few words,
emission lifetime is the average lifetime that the molecule stays in the excited state and it can give
us valuable information of what emission dynamics exist in the system of the sample. The reasons
that can affect the average lifetime are the system’s radiative and non-radiative decay channels.
These channels are the population of excited states [32]. The decay times are in the order of
picoseconds or nanoseconds [31].
The equation that express the emission intensity decay is:
𝑡

𝐼 = 𝐼0 𝑒 −𝜏

Equation 1

where 𝐼0 is the initial intensity at 𝑡0 = 0 and τ is the average lifetime. τ can be written also as:
τ=𝑘

1
𝑟 +𝑘𝑛𝑟

where 𝑘𝑟 is the radiative rate and 𝑘𝑛𝑟 is the sample’s non-radiative rate.

Figure 35: TCSPC method used in TR-PL studies [30].
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Equation 2

The methodology used in TR-PL studies to take the needed emission decays in respect of time is
the Time-Correlated Single Photon Counting (TCSPC) principle. This technique, as shown in the
Figure 35, is a statistical method that measures the time of the single detected photon that comes
from the excited sample in respect of the reference signal that comes from the light source. In order
to exact more precise results, a high repetitive light source needed to have a sufficient number of
photons detected. The method can be characterized as a “fast stopwatch”. Once the laser light pulse
source send a pulse to the under-study sample, simultaneously, a reference signal goes to TCSPC
electronics and the timer starts. When then the pulse ends up at sample, a photon is emitted and
detected by the detector. Once it detected, that means the stop of the timer. Each start – stop time
is recorded as an increase of a memory value in a histogram; x-axis is the time axis which is divided
by fixed width Δt (start-stop time). As every detected photon has a specific Δt, is recorded at t+Δt
bin of x-axis. Millions of measured start-stop times can be recorded as the laser source has high
repetition rate. The overall result obtained by this procedure is the final histogram of counts in
respect of channels (related to Δt bins) which is the final decay intensity in respect of time [30].
6.3.3.1.

Experimental process for Time-Resolved Photoluminescence:

The spectrometer FL3 from the HORIBA-JOBIN YVON was used with excitation source a 375nm laser diode with pulses with FWHM of ~150 ps and repetition rates in the 1MHz to 100 KHz
ranges.

Figure 36: TRPL’s provision for the measurement of the samples’ lifetime [24].

Once the laser pulse leaves the 375-nm laser, a reference pulse triggers a time-amplitude converter
(TAC) to start the timer. After the under-study sample is excited by the laser pulse, a photon is
emitted and detected by a photomultiplier tube detector (PMT) which sends a stop signal to the
TAC. The TAC voltage is read and recorded in the histogram. The experiment is repeated at the
repetition rate of the laser and a final histogram of photon counts vs. channels is generated that
corresponds to the PL decay of the sample. Using the OriginPro 9.0 64Bit program, I analyzed the
data files obtained be the experiment files. Data files are obtained by the Data System Program
contain intensity measurements versus channels. We had to multiply the channels with the time
calibration to get the time delay among excitation and emitted pulse [30]. Finally graphs of
Normalized PL Intensity in respect of time are created and by fitting a triple exponential model on
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decays, I measured the average PL lifetime. Equation 3 and 4 where used to calculate the average
PL lifetime:
𝐵 = 𝐴1 + 𝐴2 + 𝐴3

Equation 3

where 𝐴i , 𝑖 = 1,2,3, are the relative amplitudes of the corresponding lifetime. There three because
the decay was fitted by triple exponential decay and as result there three type of radiative paths in
the samples PL decay. B is the sum of them.
𝐴

𝐴

𝐴

𝜏𝑎𝑣 = ( 𝐵1 ) ∗ 𝑡1 + ( 𝐵2 ) ∗ 𝑡2 + ( 𝐵3 ) ∗ 𝑡3
where 𝑡𝑖 (i=1,3) is the lifetime of the corresponding transition.

7. Experimental Results
7.1.

Samples:

PEO/PLLA
PEO/PLLA-CF3
PEO/PLLA-CF3
PMMA
PMMA-CF3
PMMA-CF3
PMMAAdamandant
radical derivative

PMMA-CF3
PMMA-CF3
PMMA-CF3
CF3

Fibers
Radical content (wt%)
0
0.25
0.5
0
0.5
2.5
1
Films
Radical content (wt%)
5
25
50
100
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Equation 4

7.1.1. CF3 Radical chemical structure:
CF3 radical is Blatter Radical derivative. CF3 means Trifluoromethylation and it has a pyramidal
symmetry (nearly tetrahedral, Θ = 17.88°) [33]. Its chemical structure: 1,3-Diphenyl-7(trifluoromethyl)-I,4-dehydro-I,2-4-benzotriazin is shown in Figure 37 [24]:

Figure 37: Structure of the CF3 radical [24].

Is a typical stable electrophilic radical with a low-lying SOMO energy level. It belongs in electronreceiving group where they have low-lying SOMO energy which is closer to LUMO energy, so
the SOMO-LUMO overlap will prevail [23] [33].

7.1.2. Adamandant radical derivative chemical structure:
3-(Adamantan-1-yl)-1-phenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl [24].

Figure 38: Adamandant Radical Derivative with bulky side group [24].
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7.1.3. PMMA polymer chemical structure:
Poly(methyl-methacrylate) [28].

Figure 39: PMMA polymer structure [28].

7.1.4. PEO/PLLA polymer chemical structure:
Poly(ethylene oxide)/Poly(L-lactide) [28].

Figure 40: PEO/PLLA polymer chemical structure [28].

7.2.

Samples’ preparation:

7.2.1. Electrospinning of PEO/PLLA-CF3 fibers
Here, two polymer and radical systems with different free radical contents were fabricated and
Photoluminescence (PL) studies were performed to study radical aggregate formations. The
morphology of the electrospun polymer-radical fibers was prepared by mixing appropriate
amounts of the radical with the polymer in a good solvent for both materials, followed by
electrospinning method. SEM studies of these two materials are shown in Figure 41. SEM is
Scanning Electron Microscope which is used to characterize the morphology and topography of
the under-study material. This method acquires high resolution pictures of the sample at
magnitudes of up to 500000x and spatial resolution from 1nm to 20nm. It is noted that the radical
does not affect the morphology of the fibers, as it is fully soluble in the chloroform solvent used.
Fibers have approximate diameter of 2μm and a uniform bead-free morphology [28].
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Figure 41: SEM images of PEO/PLLA/Radical 5wt% in 2 different magnitudes [28].

7.2.1.1.

Conditions for electrospinning PEO/PLLA-CF3 fibers

The parameters for making fully dried and good quality fibers are the followed: Polymer
Concentration % (w/v) = 2.5, Polymer Ratio: (PEO:PLLA) = 7:3, Flow rate = 4 mL/h, Voltage =
23.5 kV and needle to tip distance = 25cm. All the solutions were dissolved in chloroform and
electrospun using a 16 Gauge metallic needle. After that, an appropriate amount of the CF3 radical,
0.25wt% and 0.5wt% CF3 content, was added to the polymeric solution and then electrospun with
the above electrospinning conditions [28].
In the Figure 42, an image of electrospun PEO/PLLA-CF3 hybrid fiber with 0.5wt% radical
content is represented. The fibrous mat has a red color and this attributed to the presence of radical
in the solution [28].

Figure 42: Optical image of PEO/PLLA/CF3 (0.5wt% radical percentage) [28].

7.2.2. Electrospinning of PMMA-CF3 fibers
The parameters for taking good quality fibers are: Polymer Concentration % (w/v) = 25, Flow rate
= 0.7 mL/h, Voltage = 20 Kv and needle to tip distance = 12cm. All the solutions were dissolved
in chloroform and electrospun using a 16 Gauge metallic needle. After that, an appropriate amount
of the CF3 radical, 0.5wt% and 2.5wt% CF3 content, was added to the polymeric solution and then
electrospun with the above electrospinning conditions. SEM image of PMMA/CF3 hybrid fibers
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with 0.5% radical percentage is appeared in the Figure 43, as well as simple images from pure
PMMA Fiber, PMMA-CF3 0.5wt% and PMMA-CF3 2.5wt% [28].

Figure 43:PMMA/CF3 hybrid fibers with 0.5% radical percentage [28].

Figure 44: images of A) pure PMMA fiber, B) PMMA - CF3 0.5wt%, C) PMMA - CF3 2.5wt% [28].

7.2.3. Preparation of PMMA-CF3 Films
For the preparation of PMMA-CF3 films, the simple method of Spin-coating is used and is
explained in a previous session. Solutions of polymer and dichloromethane solvent (DCM) were
prepared and then the black crystal of CF3 radical was dissolved in to obtain the final solytion. We
drop the solution on cleaned quartz substrates and increasing the speed velocity of the disk of the
handmade spin coating. We couldn’t know the exact round per minutes speed of the disk with the
subtrate on its top, because the controller was monitored by hand without any digital indication.
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7.3.

Spectroscopic Studies (PL, PLE, TRPL) of Fibers:

7.3.1. Previous studies:
Aggregation signatures in the optical data from previous studies of the parent radical compound
in pristine films and dispersions in PMMA solid matrixes (films) are shown in Figure 45. Analysis
of the spectral characteristics is complicated by the presence of PMMA and Quartz substrate
emission so PL Intensity spectra of pristine PMMA film is subtracted from PMMA-Radical films.
As radical content increases overall PL increases. The relative emission at longer wavelengths
associated with SOMO-mediated transitions (which is proved by previous DFT studies by Pani’s
group) reduces even though not monotonically with PMMA percentage. Presence of quartz PL
indicates that spin-coating yields thin films allowing the lamp excitation beam to penetrate to the
substrate.
8x105

PL Intensity of hybrids
PMMA PL subtracted
exc@380nm
Pristine Radical
Radical:PMMA 25:75
Radical:PMMA 50:50
Radical:PMMA 75:25

Normalized PL Intensity (arb. units)

PL Intensity (cps)

6x105

All normalized
to Quartz peak

4x105

580 nm
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645 nm

0
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Figure 45: PL and Normalized PL of Hybrid with PL of PMMA fibers subtracted.

The right graph of Figure 45 data are normalized to the quartz PL peak. Excess of emission at
longer wavelengths in the films that contain radical is visible. A signature of aggregation is that
parent radical PL quenches as its content in the PMMA matrix increases.
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PLE Intensity (cps)

PLE Intensity
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Rad:PMMA 25:75 (x5)
Rad:PMMA 50:50
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Figure 46: PLE Intensity in respect of wavelength for detection at 640nm.

In Figure 46, excitation PL (PLE) for detection at 640nm is shown for pristine Radical film and
Radical:PMMA hybrids. As radical content increases a broad feature appears in the 400-550 nm
range and the PLE spectra does not resemble the absorption of the material anymore. The feature
was assigned to aggregated radical energy levels. Such PLE features are not present in films with
higher PMMA percentage and lower radical content indicating dominance of monomer emission
for all wavelengths. The dissimilarity between Absorbance and PLE peaks were attributed to
conformational changes in the excited state.
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Figure 47: Average lifetime in respect of PMMA percentage (%).
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In Figure 47: Average lifetime in respect of PMMA percentage (%)Figure 47, average PL lifetime
is shown in respect of PMMA percentage. As radical content increases, the PL lifetime in the
SOMO-related long wavelength PL peaks increases too and this is a signature of aggregation. The
most striking observation is the quenching of lifetime at 580 and 640 nm as PMMA content
increases, consistent with the respective quenching of excimer in favour of exciton emission. The
decay at 480 nm appears almost unaffected by PMMA content, confirming that it originates solely
on monomer emission.

7.3.2. Optical data from CF3 radical in pristine films and inert PMMA
matrixes:
In order to understand the optical data of the polymer-radical fibers, we performed a spectroscopic
study on control spin-coated films of the pristine CF3 radical and its dispersions into PMMA
matrixes, where the Radical:PMMA % weight content was systematically increased from 5% to
100%. The optical properties of the CF3 radical in the liquid and solid state have been previously
studied in our lab [24]. It was found that in both phases the compounds exhibit intense emission
in the UV as a result of LUMO-HOMO transitions. Weaker, structured emission in the visible
region (450-750 nm) appears to be mediated by the radical SOMO levels. Potentially radiative
contributions of both SOMO-HOMO and LUMO-SOMO transitions exist with the latter being
responsible for the lower energy contribution to the PL. The aforementioned conclusions are
supported by absorption and PL studies of N. Panagi and Density Functional Theory (DFT)
calculations performed by the group of Professor P. Koutentis at the Chemistry Department of the
University of Cyprus.
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Figure 48: Comparative (left) and normalized (right) PL spectra of spin-coated films of the pristine CF3 radical and
its dispersion into PMMA solid matrixes.
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The PL spectra of hybrid films are corrected by subtracting the weak PMMA emission contribution
to account solely for the fluorescence of the radical component of the films. The main emission of
the PMMA-CF3 films lies in the visible within the 450-750 nm spectral range, which based on the
DFT calculations, is predominantly attributed to SOMO-mediated radiative transitions. The
normalized spectra indicate a similar PL lineshape for all films, including the pristine CF3, with a
slight tendency of broader lineshapes as CF3 content increases. The main observation however is
that the PL intensity systematically quenches with CF3 content, indicating the formation of ground
state radical dimers or aggregates in the solid state in which non-radiative recombination prevails.
Further evidence for such a hypothesis is provided in Figure 49, where excitation PL (PLE) spectra
from the films are displayed when detecting at 585 and 650 nm. As radical content increases, new
structure features emerge in the ~330-550 nm range and the PLE spectra does not resemble the
absorbance of the material anymore. Combined with the PL results of Figure 48, such features are
assigned to radical dimer or aggregate energy levels contributing to the radiative recombination.
The more pronounced peaks at the PMMA-CF3 films compared to the pristine CF3 film may
indicate a slightly different type or conformation of the radical dimers or aggregates in pristine
films compared to the case where the radical is embedded in a PMMA solid matrix. A quite similar
behaviour was encountered in previous group studies of the parent Blatter radical when
incorporated into PMMA matrixes.
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Figure 49: Comparative (left) and normalized (right) PLE spectra from of PMMA:CF3 films when detecting at 580nm
(left) and 650 nm (right).

In Figure 50, PL transients from all four studied films at different detection wavelengths are
displayed. The average PL lifetime, obtained via triple-exponential fits of the TR-PL decays is
plotted on Figure 51 as a function of the radical content. A trend of PL lifetime increase with CF3
content is observed, especially evident when detecting at the longer wavelength part of the PL
attributed to SOMO-mediated transitions of the radical. The results are in agreement with the
trends obtained in previous studies of the parent radical dispersed on PMMA films. The
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mechanism responsible for the emission lifetime increase in the radical dimers or aggregates is not
currently understood, as further information on the structure of such aggregates is needed.
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Figure 50: TR-PL decays from the PMMA-CF3 films when monitoring different wavelengths across the PL spectra.
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Figure 51: Average PL lifetime versus % CF3 content for three detection wavelengths across the PL spectra of the
four films.

7.3.3. Optical data from CF3 radical in PEO/PLLA Fibers:
Subsequent to the aforementioned control experiments, work was focused on the
photoluminescence characterization of the radical-polymer membranes. PL spectra at various
excitation wavelengths from PEO/PLLA-CF3 fibers with CF3 of 0.25wt% and 0.5 wt% along with
a control pristine spin-casted CF3 film are displayed in Figure 52. From the spectra, the weak UV
emission contribution from the PEO/PLLA polymer has been subtracted using an identical control
polymer PEO/PLLA fiber that does not contain radical. The figure thus includes solely the CF3
emission contribution. Unlike what we have seen in the radical-PMMA films above, increasing
the radical content by two times does not result in a concomitant increase of the PL intensity, with
the two hybrids of 0.25% and 0.5% CF3 showing comparable intensities for all excitation
wavelengths.
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Figure 52: PL Intensity of (left) PEO/PLLA-CF3 0,25% (middle) CF3, PEO/PLLA-CF3 0,5%, (right) pristine CF3 film
(5g/L) where the PEO/PLLA PL contribution was subtracted.
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Figure 53: Normalized PL Intensity of (left) pristine CF3 film, PEO/PLLA-CF3 0,5% and PEO/PLLA-CF3 0,25% at
excitation wavelength 370nm, (middle) pristine CF3 film, PEO/PLLA-CF3 0,5% and PEO/PLLA-CF3 0,25% at
excitation wavelength 450nm, (right) pristine CF3 film, PEO/PLLA-CF3 0,5% and PEO/PLLA-CF3 0,25% at excitation
wavelength 500nm.

Figure 53 contains the normalized PL spectra from the samples. The fiber hybrids show very
similar spectra when excited at 450 and 500 nm. However, in comparison with the pristine CF3
film a clear narrowing of the PL linehapes is readily observable in radical polymer composition.
Such variation of the CF3 emission into the PEO/PLLA fibers may indicate a change in the
molecular conformation of the radical molecule upon embedment on the fibers, or the formation
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of ground state dimers or aggregates that have a slightly different structure to that formed in spincoated films. Evidence of aggregate formation in the CF3-polymer membranes is provided by the
PLE spectra of Figure 54.
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Figure 54: Normalized PLE spectra of PEO/PLLA-CF3 fibers and CF3 pristine film for detection at (left) 510nm,
(middle) 583nm, (right) 650nm. The pink line (middle) shows the film absorption.

For all detection wavelengths, the hybrids show increased contributions due to long wavelength
features extending above 450 nm, resembling closely the features seen in the aggregated PMMAparent films of the previous studies. Based on such observation, we believe that CF3 molecules
even at the very low content of 0.25%, tend to dimerize or aggregate in the polymer fibers, even
though the exact structure of such aggregates may slightly differ from those in pristine CF3 films,
based on the spectral differences in the PL spectra, noted above. SEM images do not have the
spatial resolution to probe such aggregation. Preliminary Nuclear Magnetic Resonance (NMR)
experiments indicate that the radical conformation does not significantly change upon insertion in
the polymer fibers. Further planned studies that include FTIR experiments are expected to provide
a better picture of the radical molecular state in the PEO/PLLA fibers studies.
Towards such understanding, time-resolved PL experiments were performed in the samples,
monitoring the PL decay at different wavelengths within the PL spectra. All decays require
modeling by triple-exponentials fits. The detection and average wavelength is shown on the graphs
of Figure 55.
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Figure 55: TRPL decays of PEO/PLLA-CF3 Fibers (top) 0.25%, (bottom) 0,5% at different detecting wavelengths.

Average PL lifetimes, calculated from the triple-exponential fits are displayed in Figure 56. For
the CF3 film the average PL-lifetime is clearly wavelength-dependent, shown a large increase at
longer wavelengths consistent with previous studies (see Figure 49). This lifetime lengthening
appears to signature formation of aggregate species emitting across such range, even though the
exact origin is not resolved. For the hybrid fibers, a similar trend is observed with the lifetime
increasing though at a much lower magnitude as longer wavelength transitions are probed.
Interestingly the 0.25% hybrid yields a larger increase of the lifetime as detection wavelength
increases vs the 0.5% hybrid which is opposite to the trend observed in the CF3 films.
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Figure 56 Average PL lifetime for the PEO/PLLA-CF3 fibers and CF3 pristine film at different wavelengths.

7.3.4. Optical data from CF3 radical in PMMA Fibers:
Compared to the PEO/PLLA-based hybrids, PMMA-CF3 fibers exhibit PL spectra at various
excitation wavelengths that resemble closer the respective PL spectral characteristics from the
pristine CF3 film, as observed in the normalized data of Figure 57. It is reasonable to assume then
that the radical molecules form similar type of dimers or aggregates in the PMMA fibers to those
formed in the pristine films.
PMMA-CF3 0,5%
PMMA PL subtracted
excitation@
277nm
325nm
370nm

5E4

4.0E5

Pristine CF3 film (5g/l):
370 nm
440 nm
495 nm

5

5x10

5

4x10

PL Intensity (cps)

PL Intensity (cps)

6.0E5

PMMA-CF3 2,5%
PMMA PL subtracted
excitation@
277nm
325nm
370nm

6E4

4E4

PL Intensity(cps)

8.0E5

5

3x10

3E4

5

2x10

2E4
2.0E5

5

1x10

1E4

0

0.0
400

450

500

550

600

650

Wavelength (nm)

700

750

0

400

450

500

550

600

650

Wavelength (nm)

52

700

750

400

450

500

550

600

650

Wavelength (nm)

700

750

Normalized PL (arb. units)

Excitation@370nm
PMMA PL subtracted
pristine CF3 film
2.5% CF3
0.5% CF3

400

450

500

550

600

650

700

750

Wavelength (nm)

Figure 57: (Left) PL spectra of PMMA-CF3 hybrid with 0,5% wt CF3 (Middle), 2.5% wt CF3 (Right) and pristine CF3
film. (Bottom) Normalized PL Intensity for the three samples. At all cases a weak PMMA-substrate emissive
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Figure 58: Normalized PLE spectra with detection at (left) 500nm, (middle) 580 nm), (right) 650nm.
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500

Normalized PLE spectra are shown in the Figure 57. In all wavelengths detection, the PLE of the
three samples appear similar to each other, with an enhanced contribution relative to the radical
absorption attributed to radical dimer or aggregate states that contribute to the PL.
As in the case of the PLLA hybrids, the average PL lifetime in the PMMA hybrids appears strongly
quenched in the 500-650 nm range compared to the pristine film (see Figure 59). They also show
a similar qualitative trend to the wavelength behavior of the pristine film lifetime, with an overall
smaller modification of the lifetime as longer wavelength transitions are probed. Also, similarly to
PLLA fibers, the low radical content hybrid (i.e. 0.5%) exhibits longer PL decays compared to the
higher radical content film (i.e. 2.5%), exhibiting a different trend than that shown by the pristine
and PMMA-CF3 films. This appears rather contradictory as the similarity in the PL and PLE data
of PMMA-based films and fibers suggest the participation of similar emissive states i.e. monomers
and aggregates of the same type, however the TR-PL trends with CF3 content appear different in
the films and fibers. As mentioned above further studies that can probe the radical structure in the
fiber based on NMR, FTIR or even Raman experiments can clarify some of the inconsistencies
observed in the optical data.
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Figure 59: PL transients from (top) 0.5% CF3-PMMA, (middle) 2.5% CF3-PMMA fibers. Average PL lifetimes for the
two CF3 fibers and the control CF3 film (Bottom).

7.3.5. Conclusions from the Optical Studies in PEO/PLLA-CF3 and PMMACF3 Fibers.
PEO/PLLA-based CF3 fibers show a clear narrowing of their emission, compared to the PL
lineshape of the CF3 films. Such variation of the CF3 emission into the PEO/PLLA fibers may
indicate a change in the molecular conformation of the radical molecule upon embedment on the
fibers, or the formation of ground state dimers or aggregates that exhibit a different structure to
that formed in spin-coated films. The second assumption is backed up by (i) PLE spectra with the
appearance of a long wavelength feature that is supportive for the formation of radical aggregates,
(ii) TR-PL data that show a rather different trend of the variation of the PL lifetimes with CF3
content in fibers compared to that observed in films that indicate a different aggregate type in the
polymer-radical membranes. On the other hand, PMMA-based fibers exhibit PL and PLE
characteristics that resemble closer the respective characteristics of the pristine CF3 film, which
indicates the formation of similar type of aggregates in the films and the fibers. Overall there are
small modifications in the PL, PLE and TR-PL measurements within polymer-CF3 fibers of
different CF3 content. The initial scope of the study has been to probe such variations and not their
differences to pristine or PMMA-based CF3 films. We believe that a larger variation of the radical
content within the polymer fibers is needed to better resolve the effect of the CF3 concentration
on the optical properties of such structures.

7.3.6. Optical studies of an Adamandant radical derivative in fiber and film
structures
For the last part of our study, an adamandant derivative of the Blatter radical was synthesized and
deposited: (i) as pristine adamandant radical derivative film, (ii) into PMMA film at 25wt% and
(iii) into an electrospinned PMMA fiber at 1wt% . The scope of the study was to evaluate whether
the incorporation of the adamandant radical derivative that contains a bulky substituent group may
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inhibit significant molecular aggregation when inserted into the polymer fibers. Figure 60 contains
a comparative study of the three radical solids. The adamandant radical exhibits a relatively narrow
PL band in the 550-750 range; importantly the PL and PLE spectral characteristics of the three
samples are quite similar. We see no evidence of the visible PLE band observed in the films and
fibers of the CF3 radical compound that was assigned to radical aggregates. Further evidence is
provided by TR-PL experiments displayed in Figure 61. The PL decay of the adamandant radical
in PMMA fibers requires a triple-exponential fit, while the decay from the pristine radical film can
be modeled by a double-exponential function, indicating different recombination mechanisms in
the two solids. However, the average PL lifetime extracted from the fits is quite similar which is
consistent with the spectral similarity of the PL and PLE spectra. Based on the provided data, it
appears that the bulky side group of the adamandant radical, indeed inhibits radical aggregation,
in both polymer films and fibers in contrast to the results obtained from the CF3 radical.
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Figure 60: Normalized PL (left) and PLE (right) of the three adamandant-based radical solids for an excitation at 560
nm and detection at 630 nm, respectively.
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