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Resumen

Los componentes clasicamente utilizados en la fabricacion de dispositivos electronicos
para la produccion de energia y su almacenamiento, son principalmente derivados inorganicos
de materias primas minerales. Su cada vez mas escasa disponibilidad, acompafiada por el alto
impacto ambiental tanto por los métodos de extraccion como de refinamiento, utilizados
constituyen un tema de fundamental importancia en el sector energético. Para enfrentar el
problema, a lo largo de los afios se han disefiado varios materiales conductores de base organica,
que han proporcionado una alternativa sintética a los conductores inorganicos. Entre estos, los
compuestos macromoleculares destacan por sus procesabilidad y propiedades estructurales. Las
macromoléculas se conocen comuUnmente como polimeros, que se utilizan en una amplia gama
de aplicaciones por sus propiedades fisicas convenientes. Cifiéndonos a las aplicaciones
energéticas, entre los materiales poliméricos mas recientes en circulacion podemos distinguir
varios ejemplos de polimeros intrinsecamente conductores, tanto iénicos como electronicos.
Los polimeros conductores de iones, como los de electrones, han atraido atencion considerable
debido a sus buena estabilidad quimica y propiedades mecénicas u opticas. Esta clase de
compuestos constituyen materiales avanzados que pueden presentar nanoestructuras
supramoleculares complejas, las cuales determinan su comportamiento tanto en volumen,
cuanto bajo las condiciones de funcionamiento del dispositivo correspondiente donde en
muchos casos el material estd nanoestructurado. Por esta misma razon, hoy en dia el desarrollo
de materiales poliméricos avanzados se beneficia de forma importante de la investigacion

béasica y aplicada de nanoestructuras poliméricas.

En esta tesis se presenta el estudio de algunos polimeros nanoestructurados con
aplicaciones energéticas. Como objetivo general, se busca aclarar la relacién entre una
conformacién supramolecular dada y las propiedades fisicas resultantes. Por un lado, la tesis se
enfoca en la caracterizacion de los procesos de polarizacion y desplazamiento iénico en un
material semicristalino con aplicaciones en almacenamiento de energia. Por otro lado, se
estudiaron las propiedades mecanicas y eléctricas de un polimero intrinsecamente conductor,
tanto en algunas nanoestructuras inducidas mediante diversos tratamientos, como en sus
mezclas con el material semicristalino previamente mencionado. Este estudio se realizé sobre
muestras en configuracion de pelicula delgada, en vista de sus posibles implementaciones en
dispositivos electronicos multicapa para aplicaciones energéticas. En concreto, nos enfocamos
en la caracterizacion de dos polimeros: 6xido de polietileno (PEO), un conductor iénico

semicristalino utilizado para electrdlitos sélidos, y el poli(3,4-etilendioxitiofeno)-poli(estireno
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sulfonato) (PEDOT:PSS), un conductor electronico comunmente empleado en células solares

y dispositivos electronicos.

Primero, discutimos las propiedades dieléctricas de PEO en estado sélido y fundido a
través de un estudio empleando espectroscopia dieléctrica de banda ancha (BDS). Este estudio
nos ha permitido entender la cinética que gobierna la transicion sélido-liquido, la dindmica del

fundido y el papel que juega la heterogeneidad debida a la presencia de interfases.

La caracterizacion BDS de muestras altamente conductoras como el PEO suele verse
obstaculizada por los fenémenos de polarizacion que tienen lugar a las interfaces de los
electrodos que constituyen la muestra. Para evitar tal polarizacion interfacial, empleamos
muestras con un grosor extremadamente bajo (< 100 nm); en esta situacion, los efectos parasitos
disminuyen ya que la fuerza dieléctrica de la polarizacion baja al disminuir el espacio entre los
electrodos. Al seguir esta estrategia, pudimos abordar la transicion de fusién siguiendo la
constante dieléctrica del material bajo investigacion durante la rampas de calentamiento y
enfriamiento. Aqui, mostramos que la transicion de solido a liquido esta acompafiada por la
presencia de un proceso atribuido al polimero fundido. Para obtener méas informacién sobre
coémo interviene este proceso en la relajacion del liquido formado, realizamos otra serie de
experimentos manteniendo las capas delgadas de polimero a una temperatura adecuada en el
régimen de fusién, es decir, entre el inicio y el final de la transicidn. Este procedimiento nos
permitié monitorear in situ el proceso de fusion. Al ocurrir de la transicion sélido-liquido
coincide la formacién de una fase mas movil, y esto puede ser observado experimentalmente
por la constante dieléctrica, que es, por lo tanto, una prueba del desarrollo de la fase liquida

durante la fusién.

Asimismo, este estudio también proporciona informacion sobre la polarizacion
dieléctrica inducida por cargas en las interfaces de materiales semicristalinos, mostrando la
funcién que tiene la cristalinidad del polimero sobre la evolucién de la movilidad idnica a
temperaturas inferiores al punto de fusion. Con la intencion de visualizar la disposicion de las
fases involucradas en los fendmenos de polarizacion interfacial, se emple0 la caracterizacion
nano-dieléctrica de las peliculas acoplando el concepto BDS con la microscopia de fuerza
atomica (AFM). De tal manera se realizaron experimentos de espectroscopia nano-dieléctrica
(nDS). La configuracion y las condiciones de funcionamiento del experimento son descritas en
detalle a través de un modelo que permite interpretar la sefial de salida del microscopio,
presentando la discusion tedrica completa y su validacion mediante datos experimentales. El
modelo desarrollado implementa algunos principios desde aproximaciones preexistentes, esta

vez teniendo en cuenta efectos locales del entorno de la punta a la distorsion del campo eléctrico
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en la proximidad de la muestra. Ademas, se describe el factor de pérdida del movimiento del
cantiléver bajo las condiciones experimentales y se relaciona este a la constante dieléctrica de
la muestra investigada, presentando una herramienta fundamental para el estudio de las
propiedades dieléctricas por AFM. Basandonos en este modelo, reportamos una descripcion
sobre la disposicién de los canales de transporte de iones y la orientacion preferencial de la
polarizacion interfacial en las peliculas delgadas semicristalinas a partir de la caracterizacion
obtenida mediante nDS-AFM. El estudio revel6 una mayor conductividad i6nica en proximidad
de las areas amorfas, las cuales conllevan a la vez una mayor contribucion de los fenémenos de

polarizacion.

Siempre bajo confinamiento en pelicula delgada, estudiamos el material conductor
organico PEDOT:PSS, que también exhibe su propia nanoestructura intrinseca. Para mejorar o
modificar las propiedades de las peliculas delgadas obtenidas a partir del producto comercial,
utilizamos dos técnicas de nanoestructuracion: reprecipitacion y solvent vapor annealing
(SVA). El protocolo de reprecipitacion propuesto permitié obtener nanoesferas poliméricas
conductoras, mientras que mediante SVA fue posible modificar selectivamente la superficie de
las peliculas tanto en su morfologia como su conductividad. Las nanoestructuras obtenidas
estuvieron compuestas por varias fases y caracterizadas por diferentes propiedades mecéanicas
y/o eléctricas. Para abordar las caracteristicas composicionales y las propiedades fisicas
correspondientes a cada elemento que constituye las peliculas delgadas nanoestructuradas, se
presenta y discute un estudio detallado de los estudios nanomecanicos y nanoeléctricos

realizadas mediante AFM.

Las nanoesferas obtenidas por reprecipitacion presentan un didmetro de 120 nm,
conservando buenas propiedades mecanicas, Opticas y eléctricas. Sin embargo, la
caracterizacion nanomecanica reveld un arreglo diferente de las fases de PSS y PEDOT
respecto al precursor comercial, ensefiando un enriquecimiento de PEDOT a la superficie de
las nanoesferas. Por otro lado, a igual grosor de la pelicula delgada, la investigacién
nanoeléctrica atribuye una conductividad mas baja a las nanoesferas en comparacion con el
producto comercial. Debido a la disposicion menos empaquetada de sus granos conductores, la
conductividad de PEDOT:PSS, en direccion perpendicular al piano de su confinamiento
monodimensional, baja al disminuir del grosor de este. Por lo tanto, los resultados designan una
influencia més efectiva del confinamiento 1D sobre la conductividad eléctrica de las

nanoesferas.



Pasando a las superficies modificadas por SVA, los resultados muestran que
PEDOT:PSS expuesto a vapores de tetrahidrofurano bajo condiciones controladas resulta en
una mayor movilidad de las cadenas de polimero, la cual permite una segregacion vertical de
PEDOT:PSS en el volumen de la pelicula delgada, desde un estado granular hacia una capa
superficial de uno pocos nanémetros (=30 nm). Mediante un experimento de nanoindentacion,
sumado a mediciones nanoeléctricas, se pudo evaluar la disposicion de la fase superior y su
penetracion en el volumen de la pelicula. La naturaleza quimica del estrato superficial se estudio
mediante pruebas nanomecanicas y mediante mediciones topoldgicas después de enjuague en
solucion acuosa. Los resultados ensefian que la capa superficial obtenida se dispone como un
fino recubrimiento discontinuo de PEDOT neutro en cima de la pelicula delgada, la cual
mantiene las propiedades originales de PEDOT:PSS en el volumen de bajo de esa.

Para concluir nuestro estudio sobre los polimeros investigados, presentamos la
caracterizacion de mezclas PEDOT:PSS/PEOQ. Las peliculas delgadas obtenidas a partir de estas
mezclas poliméricas se investigaron variando la concentracion de los dos componentes en toda
la gama de composiciones. La separacion de fases y la cristalizacion se han estudiado a
diferentes escalas mediante la combinacion de AFM y Grazing Incidence Wide Angle X-ray
Scattering (GIWAXS). A partir de la caracterizacion de los compuestos, se pudoieron observar
en detalle varias disposiciones de los dos polimeros en las peliculas delgadas obtenidas a partir

de estas mezclas, lo que revel6 su influencia reciproca en determinar las propiedades finales.

El estudio sobre la topologia de las varias mezclas analizadas ensefia las tipica
conformacién superficial esperada en el caso de peliculas obtenidas desde los componentes
puros. A través de pruebas AFM y GIWAXS comprobamos una mayor cristalinidad al aumentar
del contenido de PEO, mientras una evidente separacion de fase se notd en aquellas muestras
con un contenido de PEO igual o superior al 40%, que coincide con la concentracion limite para
una homogenea dispersion de PEDOT:PSS en la matriz PEO. Ademas, pudimos estimar las
propiedades nanomecanicas y nanoeléctricas cuantitativamente a través de AFM y finalmente
poner de manifiesto la dependencia de las propiedades fisicas de las peliculas delgadas con su
composicion y estructura, tanto en la micro escala como en la nano escala. Al variar de la
composicion, logramos diferentes capacidades de recubrimiento, propiedades mecanicas y
conductividad eléctrica. Las analisis nanomechanicas permitieron atribuir la naturaleza
composicional de las fases registradas. Estas, en conjunto con los perfiles topoldgicos,
permitieron identificar la preferencial disposicion de PEO en capas ultra delgadas en muestras

a concentraciones intermedias.
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Las pruebas nanoeléctricas atribuyeron una conductividad creciente al aumentar de la
concentracion de PEDOT:PSS, tal y como esperado. Ademas, dependiendo del peso molecular
del PEO, la respuesta eléctrica de las peliculas delgadas de las mezclas resultantes muestra
algunas diferencias, las cuales se traducen en distintas conductividades eléctricas. En particular,
una mayor conductividad fue registrada por PEO con pesos moleculares més elevados, lo cual
en este caso es consecuencia de una favorecida segregacion de dominios conductores al

aumentar del peso molecular mismo.

El estudio presentado muestra nuevas alternativas para abordar la caracterizacion
microscopica de las propiedades fisicas en peliculas delgadas de polimeros a través de la
investigacion de materiales nanoestructurados. Las herramientas introducidas no solo sirvieron
para una coherente descripcion de los sistemas desarrollados en nuestro trabajo, sino se
proponen como medios Utiles a la caracterizacion de cualquier otra nanoestructura polimérica
y non. Los materiales estudiados representan unos recursos cuyas implementacion en &mbito
energeético se sigue investigando desde hace afios. En este sentido, nuestro trabajo solo aporta
algunas estrategias para el estudio y la modificacion de sus nanoestructura con el intento de
ampliar sus posibles empleos en los campos tecnologicos que les concierne. Sin embargo,
nuestra caracterizacion a la micro y nano escala demuestra la naturaleza compleja de estos
materiales, sefialando la importancia que una nanoestructura especifica dispone en el

determinar las propiedades fisicas de estos.
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Outline of the thesis

Polymeric materials, commonly known as plastics, compose an enormous variety of
products that scale the widest range of properties and applications, leading their scientific
development to be one of the protagonists in the progress of facilities and accessories used in
our daily life. However, to give a precise definition of plastic it is not always an easy task, as
this terminology can space several different meanings depending on context and topics.
Nevertheless, these materials share a series of characteristic properties: polymeric materials
have a low specific weight per gram and, in many cases, they can also show good mechanical
properties and flexibility. Also, they can often be solution processed and they usually have a
low cost, providing a direct integration to industrial manufacturing. With the continuous
development of new fabrication techniques and analysis instrumentation, the investigation and
modification of these materials has been broadly carried out during the past few decades.

Polymers consist of large molecules, i.e., macromolecules characterized by the multiple
repetition of one or more species of atoms or groups of atoms (constitutional repeating units)
linked each other in amounts sufficient to provide a set of properties that do not vary markedly
with the addition of one or a few of the constitutional repeating units. In addition to the most
commonly used polymers, as commodity polymers and engineering polymers, nowadays there
is an increasing interest in the advanced polymeric materials, which can exhibit complex
supramolecular nanostructures determining their specific behavior in bulk or under the
operating conditions of the corresponding devices. Particularly important is the case when the
polymeric material is used in the form of a thin film, as for instance in most of the applications
in the electronic devices industry. This geometry gives rise to large interfaces, with air and/or

substrate, impacting in many cases the resulting material properties.

In this thesis, we present the study of nanostructured polymers thin films with energy
applications. The principal aim is to provide insights into the possible link between the
supramolecular conformation and the resulting physical properties. To relate the effect of the
nanostructural arrangement on the resulting properties, we focused on the impact that
nanoconfinement could have on the behavior of several solid phases in thin film configuration,
for which we investigated dielectric properties, charges displacement, and mechanical response.
Hence, the work focuses on nano -dielectric, -electric, and -mechanical studies of polymer thin
films. The characterization of these nanostructured polymers was mainly carried out by means
of Atomic Force Microscopy (AFM). In addition, Broadband Dielectric Spectroscopy (BDS)
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and Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS) were also been used in the

specific case of semicrystalline polymer thin films.

To facilitate the presentation of the results in a logical manner we have organized the

different chapters as follows:

In chapter 1, we provide a general background on the main characteristics and properties

of macromolecules, followed by an introduction on the effect of nanoconfinement in polymers.

In chapter 2, we present the polymers we have considered along this thesis work and the

experimental methods and protocols followed in the contest of the several studies.

In chapter 3, we start presenting results on thin films of the well-known polymer
poly(ethylene oxide), concerning the dielectric relaxation phenomena as obtained respectively

by means of BDS and by the electric forces detected using a AFM-based approach.

In chapter 4, we focused on the quantitative nanoscale study of the intrinsically
conductive polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
through the investigation of some induced nanostructures obtained by reprecipitation and

solvent vapor annealing methods.

In chapter 5, the blends resulting from the mixture of the two discussed polymers are
studied, giving insights into the complex disposition of the new formed phases. Major attention
was given to the impact of such arrangement onto the final nano-mechanical and nano-electrical

properties.

The final conclusions and outlook of this thesis work are presented in chapter 6.
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Theoretical background

1.1 Macromolecules

The unique properties of polymers derive from their enormous molecular mass. This
can vary for the different chains constituting the material, as they usually present different sizes.
The most used units to indicate the molar mass distribution are the number average (M,,) and
the weight average (M,,), defined as follows:

_ XiNiM;

My YiN;

= XinM; (1.1)

_ ZiNMP _ RiWiM;

M. = =
W RiNM; XiW;

= XiwiM; (1.2)

where N; is the number of molecules of molar mass M;, n; the numerical fraction of those

molecules, W; the mass of molecules with molar mass M;, and w; the mass fraction of those.

The standard deviation of the molar mass distribution (&), related to the ratio % (polydispersity

- PDI), can be expressed as: & = M, %— . A system of a given number of

n

macromolecular chains constitutes a perfectly monodisperse polymer if M,, = M,,, resulting in

a PDI = 1. This situation is generally not observed for any of the known synthetic or natural
polymers, where M,, < M,,, .

The chains size and its distribution have a direct impact on the final features and
behavior of the polymer, being it a key factor affecting all those intrinsic physical aspects that
characterize these functional materials, including rheological, mechanical, optical, and
thermodynamic properties 2. An example is reported in Figure 1.1, where we can see how the

molecular weight importantly affects the melting point of poly(ethylene).

150 Figure 1.1. The dependence of the Melting Point
_ (lower temperature for the material to undergo a
5_’ 100 //_—" transition between solid and melt) of poly(ethylene)
% respect its molar mass. Image taken from Polymer
‘:ﬂ 50 Physics (GEDDE U.L.F., 1995), drawn after data
E ok collected by Boyd and Phillips (1993) 2.
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Chapter 1

1.2 Physical properties of polymers

Both in natural and in synthetic materials we can count a huge amount of polymers,
differing from each other in chemical structures, physical features, and/or formulations . For
this reason, the discussion of their properties in absolute terms is almost impossible as they can
present an extended variety of the matter states. Nevertheless, one can observe the recurrence
of some peculiar phase transitions or molecular dynamics which are characteristics of
macromolecules 3. Taken into account the previous assumptions, the following paragraph
reports a brief summary of those physical aspects retained useful for the comprehension of the

intrinsic properties of polymers.

1.2.1 The glass transition

In the most general scenario, among the wide family of polymeric materials, many
examples present, in a certain range of temperature, the physical state of glass. A glass is a non-
crystalline solid. Glasses show the disordered and irregular structure typical of liquids, not
allowing brownian motions or significant molecular displacements, resulting in a freezing-in of
the molecules dynamics. A liquid melt or a rubber becomes a glass when it solidifies lowering
down its temperature without crystallization °. This phenomenon is commonly defined as glass
transition. The glass transition is a pseudo second-order transition in which a supercooled melt
yields, on cooling, a glassy structure. It is not a true thermodynamic phase transition due to the
absence of discontinuity points in any of the derivatives of the free energy °, hence it conserves
a kinetic character 7. The temperature at which the glass transition occurs is the glass-transition
temperature (T) 8, The kinetic aspect of this transition can be appreciated by observing the T,
shift in accord with the cooling rate, as the faster the liquid goes out of the equilibrium the

highest the T, results to be °.

Among the most common techniques used to evaluate experimentally the T, of a
polymer we find calorimetric methods °. For example, by Differential Scanning Calorimetry
(DSC) it is possible to follow first or second order transitions in the studied material by
measuring the difference in Heat Flow between one sample and a standard, both heated at the
same heating rate. The results of the DSC analysis on a sample of poly(vinyl acetate) (PVAc)
is presented in Figure 1.2(a), where is visible the pseudo second order transition, associated to

the glass transition, as a vertical inflection of the heat flow in proximity of the Tj,.
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Figure 1.2. a) PVAc mid density (Mw = 140 g/mL; T, = 30° C) thermogram obtained experimentally by DSC. b)
trend of T associated to the glass transition in PVAc mid density as a function of T. The data were experimentally
acquired in our laboratories by BDS (blue dots) and Modulated-DSC (purple dots). VFT fit (eq. 1.3) plotted as a

green line.

The segmental motions responsible of the change from the liquid (or rubbery) state to the glassy
state, and the other way around, are connected to a relaxation time (t), that is the time
characterizing spontaneous fluctuations of polymer segments °. The relaxation times
associated to such dynamics range between low values (r <10's) at T > T,to relatively high (¢
>>10%s) at T < T,. The 7 related to the glass transition usually follows a Vogel-Fulcher-
Tammann (VFT) equation (eq. 1.3) 1* and it is called segmental relaxation time (z,). The typical

dependence of 7, with temperature is shown in Figure 1.2(b).

In(z) = In(ty) + 222 (1.3)

T—Toy

T, IS the high temperature limit of the time constant, T, the Vogel temperature, and D a

constant.

1.2.2 Crystallinity

The glass transition concerns disordered systems and constitutes a fundamental
background for better understanding the rubbery or the glassy state of polymeric materials.
However, these aspects alone do not fully describe all the conformations adopted by polymers

as, in some cases, they allow a certain degree of order which can lead, as an example, to the
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formation of crystals 2. For kinetic reasons, the formation of an ideal crystal from a highly
entangled and disorderly coiled melt, i.e., a polymer melt, is highly improbable. For this reason,
polymers are almost never 100% crystalline then, we call those allowing any crystallinity
degree “semicrystalline” materials 3. The intrinsic chemical regularity of the macromolecules,
meaning their degree of periodicity in the repetition of a compositional unit, both in
composition and symmetry, is the dominant factor that determines if a polymer can crystallize
or not. For example, defects and end-groups constituting different chemical centers respect to
the repeating units favor disorder, consequently lowering the degree of crystallinity 4. In a
similar way, for those polymers presenting stereocenters, the stereoregularity generally allows

a higher crystalline degree >1°,

The crystalline unit cell of a polymer crystal is composed of atoms of different chains,
these chains densely stuck together in their rigid elongated conformation giving a hierarchical
structure in such a way as to result in their lowest conformational energy. The conformation
adopted by the single chain varies with the chemical nature of the polymer itself 6. As an
example, in Figure 1.3 we reported the typical repeating units along a segment of crystallized

chain in the case of high-density poly(ethylene) (HDPE) and isotactic poly(propylene) (iPP) *'.

Isotactic Polypropylene High Density Polyethylene
Helical Conformation Planar Zigzag Conformation

oma
~
. .~

Cross Sections

Figure 1.3. Arrangement of the atoms in high-density poly(ethylene) (HDPE) and isotactic poly(propylene) (iPP)

molecules along a segment of crystallized chain. Image taken from the work of Nejabat G. R 7.
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Figure 1.4 shows the crystals nucleation growth typical of polymers. The crystalline
portion of the bulk material locates usually in domains named “crystalline lamellae”. Each
lamella is a nanometric thin sheet (usually between 10 and 20 nm) composed of packed
macromolecular chains organized perpendicularly to the two flat parallel facets constituting the
interface 8. The chains fold at the interfaces providing multiple crystalline segments in loops
that can repeat adjacently or more irregular, as schematically sketched in Figure 1.4(a,b). Then,
the amorphous portion of a semicrystalline polymer locates at the interface of the crystalline
lamellae, where the chains cannot adopt any ordered structure *°. Molecular bridges are features
commonly formed in these regions, where multiple lamellae share the same polymer chains
through amorphous branches %. Due to their peculiar growth from the liquid, the crystalline
lamellae dispose in characteristic superstructures. At the very beginning of the crystallization,
small nuclei form from the liquid state (Figure 1.4(1)) from which the crystalline lamellae start
growing radially (Figure 1.4(2)) to finally generate rounded microscopic objects, either called
“spherulites” (Figure 1.4(3)). A spherulite size can vary over a large range. Based on the initial
arrangement of the crystalline nuclei and their development, the spherulites arrange among the

vacant free volume with typical patterns, one of them drawn in Figure 1.4(4)).

Crystalline lamellae Spherulites

nalin 2o N

Figure 1.4. Growth and spatial configuration of semicrystalline polymers. At first, small nuclei appear among the
melt (1), on which thereafter the crystalline lamellae start growing radially (2) to finally form sferulites (3). The

spherulites can aggregate in suprastructures accordingly to the volume they can fill (4).
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Semicrystalline polymers obey to the Bragg’s law (eq. 1.4). As the dimensions of such
semicrystalline objects is in the range of the X-Ray radiation, X-Ray scattering methods allow

determining the crystallinity degree and long range ordering. According to the Bragg’s law:
niA = 2d sin(0) (1.4)

where 4 is the wavelength of the diffracted light, n the diffraction order, d the spacing between
the lattice planes of the crystal, and 26 the scattering angle. For example, in a Wide Angle X-
Ray Scattering experiment (WAXS) one preferential scattering angle, characteristic for the unit
crystal cell, return a defined peak in intensity of scattering, while any amorphous contribution

would appear as part of a broad hump covering a wide range of diffraction angles .

1.2.3 Mechanical properties of polymers

As previously mentioned, a convenient feature of polymers is their extremely versatile
mechanical response for unit of weight which, among others, constitutes one of the most critical

factors determining their impressive technological impact 2.

We can describe and compare the mechanical properties of different objects by several
attributes, one of the most used is the Young’s modulus (E) 2. The value of E is intrinsic of a

material, in the Hooke’s law it is expressed as:

E =§ (1.5)
o== (1.6)

where @ is the stress resulting as the value of force (F) applied to the body per unit of area (A),
and € is the strain, meaning the deformation (&) per deflection unit. Considering an initial

length [,, for a longitudinal stretch follows:

€=-— 1.7

lo
Another unit relevant to describe the mechanical response of polymers is the stiffness (k), which
gives information about the elasticity. k is defined as the force divided by the deformation 2.
F
k=< (1.8)
The Young’s modulus does not only vary for materials presenting different chemical
structure, but it is also influenced by changes in phase 23, hydration state 242, and other factors

8



Theoretical background

26 For this reason, it is normally temperature dependent 22. In polymers, we have a marked
change in modulus between the rubbery state and the glassy state, i.e., in the proximity of T,.
Moreover, the modulus drops down when the plastic melts, meaning that we expect a drastic
change near the melting point (T;,,) for those polymers that allow a melting transition before
undergoing degradation. Interestingly, the crystallinity degree of a polymer has a direct impact
over the elastic modulus because the crystalline objects constitute physical branches providing
amore rigid lattice for a bulk material. For this reason, in a semicrystalline polymer the modulus
does not change as much as in an amorphous one at the T, and a more defined melt transition
is obtained due to the fusion of the crystalline domains at a specific T,,,, as sketched in Figure
157,

— — = = Semicrystalline
Amorphous

-

Young's Modulus

-

v

Tg Tm

Temperature

Figure 1.5. Young’s modulus in logarithmic scale respect to the temperature for a generic polymer %,

The most usual way to evaluate the Young’s modulus of a material is analyzing the
stress-strain curve obtained by elongation, compression, or torsional analysis to directly
deriving E from eq. 1.5 2°. Alternatively, it is possible to take advantage of an indenter for
indentation experiments by means of several approaches differing each other for indenter shape,
indenter dimensions, and environment. These kinds of techniques use a force applied to a sharp
probe in order to induce a partially plastic partially elastic deformation on the analyzed material,
this provides the so-called Force-distance Curve (FC) useful for the quantitative evaluation of

30

the mechanical properties °*. In this field, probes possessing a size of the order of the

9
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nanometers, or few tens of nanometers, enable performing nano-indentation experiments,
which come particularly useful for the study of small material volumes and thin films .. When
this principles are coupled to Atomic Force Microscopy (AFM), we are even able to determine
such properties by imaging the mechanical response of submicrometer objects, obtaining
information about complex surfaces composed of different micro- and nano- domains
presenting heterogeneous mechanical phases, as further deepen in section 2.3.1 *. To
contextualize, we reported in Figure 1.6 the scheme of a FC as obtained by an AFM probe.

| ] Dissipation

<«—— Approach

Work of plastic deformation

—— Retract

Force (nN)

Work of Adhesion

Stiffness

80104 yead

uoiseypy

>

Total Tip-sample separation (nm)
Indentation

Figure 1.6. Aspect of a Force-distance Curve, neglecting any contribution arising from the ringing mode (see

section 2.3.1), where F,,;, is the Adhesion Force and &, the sample plastic deformation.

By nanomechanical analysis we can count a lot of mechanical information stored in a
single FC, such as the adhesion force (F,4;), the plastic deformation, the dissipation, the work
of adhesion, or the work of plastic deformation, and also the Young’s modulus *. To have
quantitative estimations of the E it is fundamental to model the contact between the tip and the
sample. In this context, Sneddon and Hertz provided two different models for the evaluation of

the tip-sample contact area (Figure 1.7) 34,

10
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Sneddon Hertz

Figure 1.7. Scheme of the tip shape model for two different approximations in an indentation experiment.

2 4 E

E . —
F === tan(a)s” (1.9) ; F =055V Rupd? (1.10)

m(1-

The relationship between the applied force F and the indentation depth & is given by eq.
1.9 for the Sneddon model and by eq. 1.10 for the Hertzian model, being « the cone angle (in
the Sneddon approximation), R;, the tip radius (in the Hertz approximation), and v the
Poisson’s ratio. According to the Hertianz model, the contact area s can be calculated by eq.
1.11 (being a the contact radius) as follows.
Reip F z

s=na’=nm (T)3 (1.11)

The model used in our calculations to derive the mechanical modulus from an FC is the
Derjaguin-Miiller-Toporov (DMT), that is an extension of the Hertz model which takes into
account the adhesion force between the contacting bodies *°. In the DMT model, the adhesion

11
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forces are considered as a force offset %. From the simplified DMT model, one can get the

relation between force and indentation as:

4 E
F_Fadh = gmﬁ/Rtipég (112)

1.2.4 Dielectric properties of polymers

Polymers are mostly known to be good electrical insulators having in most of the cases
high resistivity, therefore presenting the capability to hinder a current flow. These sorts of
materials are also known as “dielectrics”. In this context, the dielectric properties of polymers
are not only of fundamental importance in the world of electronics and electrical engineering
37 but they can unveil the intrinsic molecular or charges dynamics specific of the material, also
yielding valuable information upon the polymer structure 2. In this section, an introduction to
some basic concepts of electrostatics will be provided, and it then will be presented their

implementation in describing relaxation phenomena in polymers.

Elements of electrostatics

The study of the interaction of electric fields with matter and its distribution in the free
space for stationary (or slow-moving) electric charges concerns that branch of physics known
as “electrostatics” *°. The principles of electrostatics are well described by Maxwell’s equations
and Coulomb’s laws. One of the most discussed issues in this field is brought by the charge
distribution in molecules and its impact on the properties and dynamics of matter. For example,
molecular features such as “dipoles”, possessing a purely electrostatic character, are of
fundamental relevance to describe natural phenomena. An electric dipole is the framework
resultant from any separation of positive and negative charges in the considered portion of the
space; here, the dipole moment (i) is the related system’s polarity magnitude. In the simplest
scenario of 2 charges respectively positive and negative, with electric charge respectively +q
and —q, separated by a distance d (Figure 1.8 (a)), the dipole moment vector corresponds to

Hq1q2) = 4 d. Extending this definition to a volume V for a continuous distribution of charges

(p(r)) we obtain:
A = [, p(@ -7 d°# (1.13)
where 7 is the reference position and d37’ the infinitesimal volume fraction.

12
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Even though not every molecular system possesses a dipole moment, we can count a

big amount of them that generate dipoles, a few of those are represented in Figure 1.8 (b,c,d).

ﬁ‘h_qz
qt g2
—>
d
(a)
Moy 55+ 55— N
(Na Cl ) H(C6+05—)

Ay, 5+ 00-)

G ——
—r
H TR *

(b) () (d)

Figure 1.8. a) Schematic representation of a dipole generated from two charges +q and -q separated by a distance
d. Below: schematic representation of dipoles in NaCl (b), H20 (c), and CO (d).

Considering a volume V containing N elements with dipole moment i, it is possible to
evaluate the macroscopic polarization P from eq. 1.14, which can be reformulated as eg. 1.15

for every element of the volume uniaxially oriented by an electric field E.
= 1 -
P= 3 i (1.14)
= N -
P =7 (@) (1.15)

There are two main polarization mechanisms, 1) induced polarization, in which the
presence of the external electric field is at the origin of the electrical dipole moments, and ii)
orientational polarization, that arises from the reorientation of existing (molecular) dipoles,
provoked by the external electric field. As a first approach to quantitatively evaluate the

orientational polarization P,y for a set of molecules with dipole moment i, we assume some

conditions: (i) the dipoles do not interact with each other, and (ii) the electric field ELocal at the
location of the dipole is not being affected by the dipole itself and it is equal to the outer electric
field. Under these requirements, the mean value of the permanent dipole moment is only

13
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affected by thermal fluctuations against the electric field axis, which can be expressed by a

Boltzmann distribution considering the interaction energy for the dipole with the electric field

asigE=puE cos(0) (with @ the angle between the two vectors):

(1.16)

EE

where e(kTT>dQ is the probability to have the dipole vector oriented between Q and Q + dQ in
the space angle, ks the Boltzmann constant, and T the temperature. Eq. 1.16 can be simplified
by approximating the interaction energy of the dipole with the electric field to be weak
compared to the thermal energy “°. By this approximation, we obtain eq. 1.17.

iy = 2 1.17
() =5~ (1.17)

Combining eq. 1.15 and 1.17 finally leads to eq. 1.18.

(1.18)

The polarization P describes the dielectric displacement originating in the material as a

consequence of an applied external electric field. Considering the dielectric displacement

defined as D = & eoﬁ (50 = eoﬁ) for small electric field strength, the polarization can be

expressed as:
P=D—D, = (¢ — 1)&F (1.19)

where g, is the permittivity of vacuum (8.854x10*2 V' m) while & is the static relative

permittivity of the material.

Introducing the contribution P, to the relation presented in eg. 1.18, and obtaining 135 =

2 g = - - - - - - - -
%31’; —E+ P, we are finally able to link the dielectric permittivity to the permanent dipole
b
moment as:
_N_p?
&~ €0 =g (1.20)

where &,, accounts exclusively for the induced polarization mechanism: P, = (€, — 1)&E.
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1.2.5 Relaxation in polymers

Relaxation phenomena occur when the perturbation of a system gives rise to a time
dependence in some of the system properties. For instance, mechanical relaxation occurs when,
after applying an instantaneous stress, the deformation varies with time until reaching a new
equilibrium value *#2, In the case of dielectric relaxation, the dielectric permittivity is time
dependent. Thus, in general relaxation deals with the response of the sample to the applied
perturbations. A particular case of general interest is that where the response of the sample to
the applied perturbation is just proportional to the strength of the perturbation itself (linear

response). In this situation the fluctuation-dissipation theorem states “°:

“The response of a system at the thermodynamic equilibrium to a small applied disturbance is

the same as its response to a spontaneous fluctuation”

By considering the dielectric relaxation, for an applied electric field on a dielectric
material with a certain polarizability, we can schematically assume its polarization response in

time as represented in Figure 1.9.

(RS - Pm)
AE

time time

Figure 1.9. Representation of the polarization P resulting in a dielectric material from an applied electric field E

in time.

t
Introducing a normalized Creep Function ®(t) = (1 —e *p), with 1, defined as the

time constant characteristic for the polarization process, it is possible to express P as a

function of P, and P,, as:

P(t) = P + (B — Pa)O(E) = P + (B — P)(1 — & ) (L.21)
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This time dependence of the polarization implies a time dependent dielectric permittivity &(t).
This can always be expressed as a complex dielectric permittivity in the frequency domain by

a simple Fourier transformation:

£ (W) = &'(w) — 1" (W) = £ — [} = et gy (1.22)

Fromeq. 1.21 and 1.22, the corresponding model to describe the relaxation in terms of dielectric

constant in function of the frequency is obtained:

£5(W) = g + 2 (1.23)

1+iwtp

Eq. 1.21 and 1.23 describe the so-called Debye model for a generic dielectric relaxation . In

this model the real part is given as: €' (w) = &4, + l(is(;i”; and the imaginary part as: " (w) =
D
— @
(SS SOO) 1+((l)TD)2 .

Thus, the imaginary part shows a peak (the loss peak) with a maximum at wy,x =1/t and
width 1.14 decades, whereas the real part shows a step increase when the frequency is reduced

through wpyax-

The Debye relaxation is the simplest case that one can face analyzing the dielectric
function €*(w) and it is normally rare in usual systems, where the measured dielectric functions
are much broader in frequency than predicted by it and, in many cases, asymmetric. For this
reason, several empiric model functions were proposed taking advantage of shape parameters.
Here we report the three most used examples: the Havriliak-Negami (eg. 1.24) setting a and 8
as shape parameters with 0 < a, a8 < 1, and the two particular Cole-Cole (eg. 1.25), and Cole-
Davidson (eg. 2.26).

* _ €s— &0
(W) = € + TCraorm)@F (1.24)
* _ Es— €0
e'(w) = € + Triored)® (1.25)
* = __&57%0
(W) = € + riores)? (1.26)
_1 8 _1
. 1 1 . amn af afm a . . .- . .
With P (sm (2+2ﬁ) (2+2ﬁ) ) for 7,, being the characteristic relaxation time of

the considered polarization mechanism which corresponds to the reciprocal of the angular
frequency at the maximum of €" (w). As we can observe in Figure 1.10, the Havriliak-Negami

model fits very well the dielectric data of PVAC.
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Figure 1.10. BDS spectrum of PVAc at 70° C.

It is worth to be mentioned that the fluctuation of mobile charge carriers also affects the

dielectric function as conductivity and permittivity are linked.

0"(w) =o' (w) +ic'(w) = iweye*(w)

(1.27)

The movement of parasitic electric charges at low frequency, like the fast frequency

independent displacement of ionic impurities able to generate important D.C. conductivity

contributions to the dielectric function, significantly alters the dielectric response of the

material. As an example of this, we can distinguish the pronounced conductivity contribution

in the dielectric spectra of PVAc at 70° C in the low frequency range (Figure 1.10). In this case,

the measured permittivity should be described as:

e'(w) =€ +

Es—Eo0 o*(w)
A+(iwTyn)®)P iweg

(1.28)
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Different models have been proposed to allow a proper description of the dielectric
function considering conductivity contributions in the low frequency range, here we mention
two of them: the Jonscher empirical model (eq. 1.29) and the free energy barrier model

proposed by Dyre (eq. 1.30).

o' (w) = opc(1+ (a)rj)s) (1.29)
0" (@) = onc (;reres) (1.30)

Where oy is the d.c. conductivity contribution, 7; and 7, are time constants, and s a power
law parameter with boundaries: 0 < s < 1.
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1.3 Polymers for electronics

The technological development of organic conducting materials has been a challenging research
topic in the past decades. Due to their unique structural properties, polymers have revealed to
be particularly promising in the engineering of such materials 344, In fact, even though most
of the polymer materials are good insulators, we find several exceptions of particular

technological interest in the field of organic conducting materials.

Nowadays, we count with a great number of commercial polymers with many different
properties and electrical conductivity is no exception. As electrical conduction may occur
through the movement of either electrons or ions, we distinguish between “polyelectrolytes”
(ion conduction), “conducting” (ohmic conduction) and ‘“semiconducting” (low non-ohmic
conduction) polymers. Some of the main chemical structures of these materials are summarized
in Figures 1.11 and 1.12. Their main applications in nano- and micro- devices include:
Supercapacitors 4>, Organic Thin Film Transistors (OTFTs) %6, Organic Solar Cells (OSCs) 7,
and Light Emitting Diodes (OLED) “8, among several others 4.

Semiconducting polymers (Figure 1.11 (b,d and f)) are characterized by conjugated or
partially conjugated n-orbitals that extend all over the single chains, giving a conductive band
separated in energy by a defined potential from the valence band. Electron conducting polymers
(Figure 1.11 (a, ¢ and e)) can be obtained from a semiconducting oxidized precursor: the
oxidation brings to the compound electronic vacancies that tend to be filled by neighbor groups,
this allows to reduce the band gap between the conductive and non-conductive states of the
system 49 and for an applied AV the vacancies can now move along the chains generating a
current. This phenomenon is known as “hopping conduction” and it implies localized electrons
discrete jumps across an energy barrier from one site to another *°. In this regime, an electron
can overcome the energy barrier by two different paths: step over it or tunneling through. The
relative importance of these two mechanisms depends on the shape of the barrier and the
availability of thermal energy %. Contrary to metallic ordered conducting media, in a hopping
conduction regime the conductivity increases by increasing temperature 2 according to the

Variable Range Hopping (VRH) model expressed by eq. 1.31.

o(T) = o, e(#)ﬁ (1.31)
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T, and g, are constants, while 8 varies depending on the considered model; in the most known
Mott VRH model, g =ﬁ where d = 1,2 or 3 for 1, 2 or 3 dimensional conduction

respectively 3.

Often, an inert charge carrier is necessary to balance the charges of the conductive
polymer when its oxidized form is a radical ion. Organic materials resulting from coupled ions
and electrons conductors are known as mixed ionic-electronic conductors (OMIECs), both
anionic and electronic transports contribute to the electrical response of OMIECs devices>,

which find their application in multiple fields, spacing from electronics to health technology
55

Figure 1.11. Chemical structure of important semiconducting (b,d,f) and conducting polymers (a,c,e). a) oxidized
(benzoid) poly(3,4-ethylenedioxythiophene) (PEDOT); b) PEDQOT; c) oxidized Polyaniline (PANI); d) PANI; e)
oxidized Polypyrrole (PPy); f) PPy.

Among the conducting polymers, poly(3,4-ethylenedioxythiophene) complexed with
poly(styrene sulfonate) (PEDOT:PSS, Figure 1.11 (a) for A"= PSS) is perhaps one of the most
studied ones. Originally patented in 1991 as “Baytron”, PEDOT:PSS presents good
processability, high electrical conductivity, optimal optical transparency in the visible region
when processed as thin films, high thermal stability and good mechanical flexibility .
PEDOT:PSS is the most widely used polymeric material for fabricating the existing
photovoltaics (PVs), displays, transistors and various sensing electronics *’.
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Finally, polymer electrolytes (Figure 1.12 (a-d)) cannot transport electrons or vacancies,
but ions. Macromolecules containing electronegative atoms can coordinate metallic cations by
coulombic interaction, it permits them to dissolve different types of salts giving mobility to the
dissolved ions inside the polymeric matrix 8. This class of materials is mostly employed as
Solid Polymer Electrolytes (SPE), leading to applications in batteries °°. The main SPE matrixes
are obtained from monomers containing oxygen or halide atoms, including poly ethers, poly
alcohols, poly esters and poly halides (Figure 1.12).

. OH b CHs, . cl .
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Figure 1.12. Chemical structure of polymer electrolytes. a) poly(ethylene oxide) (PEO); b) poly(vinyl acetate)
(PVA); c) poly(methyl methacrylate) (PMMA); d) poly(vinyl chloride) (PVC).

The ionic conductivity of an electrolyte can be determined by the number density (n) of

the charges (¢) and by the ionic mobility (i) by following the Einstein relation (eq. 1.33) ®:

0= Ziniql'#qi (1.32)
Dq

Ho = s (133)

Hy Ti o g (1.34)

N

where D is the ions’ diffusivity, which can be estimated as a function of a characteristic
relaxation time 7. Several models, such as VFT-like, Dynamic Bond Percolation (DBP) ¢, the
Random Barrier Model (RBM) 8, and others 5253, were developed through the years to predict

the ion mobility and diffusivity from experimental data.
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1.4 Polymer blends

Multicomponent polymer mixtures have been widely employed and studied in materials
engineering among several different fields of application as they constitute an effective way to
tune the final materials characteristics or to achieve new ones 4%, The benefits coming from
blending polymers are several, such as providing materials with the desired properties and/or
with improved performance at the lowest price 54, In the easiest approximation, polymer
blends divide in two types: miscible and immiscible. Ideally, miscible blends do not present
any phase separation between the elements constituting the blends, while immiscible blends
show multiple phases each containing purely one of the elements constituting the system.
However, this first approximation does not give a comprehensive esteem of real systems, where
partial miscibility might be observed. For this reason, we also distinguish partially miscible
blends. The physical properties of the blend strongly depend on its miscibility degree, which in
turn depends on its chemical and compositional nature . In thermodynamic terms, as
schematically sketched in Figure 1.13, considered AG,, the Gibbs free energy of mixing for a
binary blend composed of elements 1 and 2, we define it as completely miscible if the relations
in eg. 1.35 and 1.36 are satisfied for every possible value of ¢, being 0 < ¢ < 1 the volume

fraction of one of the two elements.

AG, <0 (1.35)
0%AGp,
e >0 (1.36)

If the system never satisfies these conditions, the blend will be completely immiscible,
conserving two phases respectively pure in component 1 and in component 2 at every
concentration of those. For the intermediate situation (partially miscible blends), a certain
concentration threshold of solubility for one element into the other, or for both elements into
each other, is observed. This can lead to the formation of multiple phases composed of miscible
blends. In Figure 1.13, we reported the conditions in terms of AG,,, describing polymer blends

miscibility and the expected impact of it on the molecular dynamics of the obtained material.
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Figure 1.13. AG,, in function of ¢ and segmental relaxation dynamics for different cases of di-component polymer

blends.

The properties of polymer blends are strictly related to their morphology thus, the
characterization of the microscopic arrangement of the different phases that they might present
constitutes an important tool to better understand their macroscopic physical aspects ®’. In this
context, several microscopy techniques have been employed through the years to get access to
important information such as degree of miscibility and the type of phase separation. Among
them, we can find optical microscopy (POM), confocal microscopy, transmission electron
microscopy (TEM), scanning electron microscopy (SEM), or AFM . Thanks to such
characterization techniques, it has been observed that polymer blends can in some cases provide
well defined nanostructures, making the design of such compounds an interesting starting point

to obtain nanostructured materials 8.
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1.5 Nanostructured materials

Nanostructured materials are composed of building units with at least one of their
dimensions at a length scale ranging from tens to few nanometers. The great scientific interest
around these systems arises from their unique properties, intimately connected to their patterns
at the nano-scale ®°. We find in nature several examples of nanostructures, such as the complex
architectures built by biological systems both in cellular frames and extracellular tissues °. All
these structures form as consequence of self-assembly processes, i.e., an ordered aggregation
of matter that is spontaneous in the given environmental conditions. Among the big variety of
self-assembled nanostructures observed in synthetic polymers, one of the most known is the
already introduced supramolecular aggregation of the lamellae in semicrystalline polymers
(section 1.2.2).

A nanostructured material presents by definition one or more of its constitutional units
confined in a certain geometrical shape. In other words, nanostructured materials are composed
of nanoconfined elements. The nanoconfinement effects on the glassy dynamics of polymers
have been broadly studied for several systems "2, In particular, it was observed that the
increased freedom (compared to the bulk) of the surficial segmental motions would importantly
reduce the T, for a polymer confined in a geometry which maximizes its exposed surface to air
(“soft” nanoconfinement). On the other hand, if the nanoconfinement is “hard” (for the interface
of the nanoconfined object being adsorbed on another material) the T, increases 374 In the
scene of structural changes induced by confinement in polymeric materials, crystallinity does
not make exception: depending on the nanometric block geometry and dimension, one
nanoconfined semicrystalline polymer can significantly differ in temperature of crystallization

and melting respect to the bulk material as long as in its crystallinity degree ™.

The structural and functional behavior of a nanostructured material is strongly affected
by its arrangement at the nanoscale, which makes crucial to have control over the disposition
and morphology of the repeating patterns for the given nanostructure. For this reason, several
nanostructuring techniques have been developed through the years to effectively tune or
artificially induce a certain nanostructure on a target material, such as laser irradiation methods
7" electrospinning, solvent displacement "® or solvent induced methods . In this thesis we
present the study of different polymer nanostructures that we obtained in thin film
configuration. Thereafter, in order to provide a general idea of what kind of confinement they
represent, in the following lines we describe the main expected features from polymer thin
films.

24



Theoretical background

Polymer thin films

Polymer thin films are polymeric layers having a thickness ranging from fractions of
micrometers to few nanometers. Their most common fabrication strategy is spin coating, but
other methods, such as dip coating, solvent casting, or inject printing, are also employed. The
application fields are several, ranging from biomedical to electronics, which explains their big
technological impact in recent years. Thin films can be modelled as a 1D confinement where
the geometrical shape parameter is the thickness of the film itself. Due to the extremely low
thickness, thin films use to be supported on a substrate and the interaction at the interface with
it is not of secondary importance regarding the formation of the film and its final conformation
and properties. The strength of this interaction drives important aspects as homogeneity and
intrinsic molecular dynamics. For strong interactions, the adhesion forces at the interface with
the substrate lead to the formation of a first adsorbed thin layer on which the film grows, in this
case homogeneous coatings are obtained even for extremely low values of thickness. Vice
versa, repulsive interactions between the sample and the substrate disfavor the formation of
ultra-thin films and often promote “dewetting”, which is the phenomenon occurring when a
continuous thin polymer film breaks up due to the instability of the film conformational
geometry 8. To describe the stability of a film at a thickness h > h, (being h, the minimum
film thickness), we can say as follows. By taking a polymer solution/melt on a substrate and
introducing the interface potential between the two equal to ¢, it is possible to describe the
system as stable, metastable, or unstable assuming the occurrence of dewetting when the second

derivative of ¢ respect to the thickness is negative, as shown in Figure 1.14(a).

25



Chapter 1

110

105 |
0o} _me=

95 | ”

90 | ’

Tg (°C)

85 | ’

80 | /

75 | [

L 70 L ‘
0 ho . 10 100

Thickness (nm) Thickness (nm)

Figure 1.14. a) Sketch of the effective interface potential ¢ as a function of film thickness for stable (dotted line),
unstable (solid line), and metastable (dashed line) films; b) Values of T, for PS thin films in function of thickness

as predicted by the Keddie’s model &,

The adsorbed layer between the polymer and the surface gives a hard confinement

8 we know that the

contribution to the film . By the recent advances in the topic
adsorption/desorption depends on temperature usually following an Arrhenius activated process
with energy comparable to the segmental mobility. The adsorption/desorption kinetics respect
the annealing time can be expressed by a logarithmic growth which continues until reaching an

equilibrium plateau 8.

In supported polymer thin films, the fraction of material open to the atmosphere respect
with the bulk one is maximized, but at the same time the layer adsorbed on the substrate
provides a constrained interface, hence both hard and soft confinements play a significant role
in such geometry 828 In this scenario, changes in T, can be expressed as a function of thickness
(h) through empirical relations. As an example, eq. 1.37 enables estimating the T, introducing

a characteristic length a and a free parameter & 8.

Tg(h) = Tgpuik (1 - (%)6> (1.37)

Beside these physical aspects, the thin film geometry also affects the capability of a
polymer to crystallize, having in most of the cases direct impact on the degree and the layout
of crystallinity ®. It was observed that the transition between two and three dimensional
spherulites can be induced by thickness reduction. This constitutes the first and simplest

example of semicrystalline materials behavior in 1D confinement 8. Moreover, in polymer thin
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films the lamellae growth can undergo a preferential orientation due to interactions with the
substrate. Strong interactions hinder the flow of the melt promoting a vertical stuck of the rigid
chain segments during crystallization for extremely low thicknesses 8, as schematized in Figure
1.15(a). This is the case of PEQ, that can orient its crystalline frontiers preferentially in-plane
in such allocation, preserving a dendrimer-like morphologhy in dewetted or partially dewetted

configurations (Figure 1.15(b)) .

Ultra-thin film

fitt
Crystalline face-on lamella
%(— NI

1.0 ym Height 400.0 nm

Figure 1.15. a) scheme of the crystallization process from melt of a polymer ultra-thin film. b) AFM images of

PEO thin film respectively with thickness of 10nm and 50 nm.

Along with phase transitions, thickness-induced variation of intrinsic physical
properties, such as viscoelasticity or conductivity are not rare °>°*, At this respect, the nature of
the confinement effects on the physical properties of polymer thin films is not always easy to
measure. The current challenges in understanding the involved interphases and their complex
dynamics mostly consist in the necessity of developing fast and robust strategies to investigate

the nanoscopic features characterizing these kinds of systems %2,
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2.1 Materials

Poly(ethylene oxide)

Poly(ethylene oxide) (PEO), also known as poly(ethylene glycol) (PEG), is a polymeric
compound usually synthesized starting from ethylene oxide, which finds several applications
both in industry and medicine 3. Due to the high ionic conductivity of this material, PEO is
also employed as solid polymer electrolyte (SPE) in its doped state %4°; being the most used
doping agent for this kind of systems Li* based salts %. PEO T, is around -50° C, but it is not
easily detectable by traditional calorimetric techniques *, due to its relatively high crystalline
degree. In fact, PEO has a high crystalline degree at room temperature with usual values of T,
and T, respectively ~60° C and ~50° C (Figure 2.1).
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Figure 2.1. Crystallization and melting of PEO as observed by the heat flow per gram respect to the temperature,
respectively associated to an endothermic and an exothermic first order transitions. DSC results for PEQ3P2

(cooling corresponds to positive heat flow and heating to negative heat flow values).

The physical properties of this polymer, such as mechanical properties, ion conductivity
and viscosity, or the crystallinity degree, strongly depend on the molecular weight °’. For the
work presented in this thesis, PEO with different molecular weights was purchased from Sigma
Aldrich and used as received (200 kDa: product #181994; 100 kDa: product #181986; 35 kDa:
product #94646).
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Poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS)

PEDOT:PSS is an intrinsically conducting polymer composed of partially oxidized
PEDOT" chains coordinated to PSS to balance the positive charges. Commercial PEDOT:PSS
is usually synthesized from EDOT monomer in presence of PSS through electrochemical
polymerization in water providing water-based dispersions presenting different electrical
conductivities depending on the PEDOT to PSS ratio, which is characteristic of every
formulation . The aqueous product obtained from the synthesis is composed of PEDOT:PSS
(insoluble) and un-coordinated PSS (soluble), being this in excess with respect to PEDOT™),
The coulombic interactions between the positively charged PEDOT segments and the negative
PSS side groups lead the system’s stability, which makes of fundamental importance the ratio
between the two in the resulting material %%, Commercial PEDOT:PSS is usually available
as a water dispersion composed of highly conducting nanoparticles dispersed in a dilute water
solution of PSS. In fact, the electric conductivity mechanism and the macroscopic properties of
this material are strongly related to its nanostructured nature 1°*.The radius of the nanoparticles

can range between 30 and 500 nm depending on the synthesis conditions %2,

S
SO,H SO~ SO,H SO~  SOH
j\ /z Na,S,0,  Fe(SO,); /ﬁs\ G Py 3
o) 0
o) 0 PSS
/S
EDOT

PEDOT: PSS

Figure 2.2. Scheme of PEDOT:PSS polymerization. Reprinted from Ref %,

In this work, highly conductive grade PEDOT:PSS, used for the study of pristine and
nanostructured thin films, was purchased from Sigma Aldrich (product #655201), with a
nominal conductivity > 200 S/cm. PEDOT:PSS with lower conductivity, used for
PEDOT:PSS/PEO blends, was purchased from Ossila Ltd (Heraeus Clevios™ Al 4083). For
both the commercial solutions, we found mean particles’ size value of = 50 nm as discussed

later in the thesis.
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Other materials

Poly(vinyl acetate) (PVAc) and Poly(methyl methacrylate) (PMMA) are viscoelastic
materials, solid at room temperature, obtained by the polymerization of their respectively
starting monomers vinyl acetate and methyl methacrylate (MMA) . The most known
application of PVAc is for adhesives as it is used in emulsion for many commercial glues 1%,
while PMMA is broadly employed as inorganic glass, due to its high impact strength,
lightweight, shatter-resistance, and favorable processing conditions 1%,

In the work presented in this thesis we used PVAc (Mw = 100 kDa, Tg = 43 °C, Sigma-
Aldrich: product number 189 480) and PMMA (Mw = 120 kDa, Tg = 103 °C, Sigma-Aldrich:
product number 182230).

Substrates

Different substrates can be used for the preparation of polymeric thin films. In this work,
we used Silicon (Si) Wafers and glass-coated Indium Thin Oxide (ITO, Ossila, product #S111)
as substrates for the thin film preparation. Two different types of Si Wafers were employed:
semiconductive (regular, Ted Pella Inc., product number: 16008) and conductive (Arsenic n-

doped, resistivity ~ 0.001 Qcm).

Normally, a thin layer of Silicon Oxide (SiOx) always develops on the surface of Si,
with a usual thickness of a few nm. This hydrophilic layer tends to lower the coatability of the
substrate by polar solutions. For this reason, “piranha solution” (H2SO4:H20235 wt% in water=3:2
—vol/vol) was used to rinse the wafers before the deposition of the thin polymer layer for those

sample spin coated from aqueous solutions.

Other substrates, such as Gold coated Silicon wafer (Au, Sigma-Aldrich, product
number: 643262) and SiOx (Ted Pella Inc., product number: 21620-55), were used as received.

For the dielectric study of polymer thin films, we took advantage of an Aluminum (Al)
layer to deposit those samples that needed highly conducting substrates in the characterization

step. The geometry of these samples and their characteristics are described in section 2.3.2.
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2.2 Sample Preparation

Preparation of polymer thin films

In thin film preparation, coating techniques allow obtaining very thin sheets of polymers
from a diluted solution directly cast or spin coated onto a substrate. In this work, these two
deposition techniques were used to obtain regular and continuous polymer thin films. A scheme
of such techniques is sketched in Figure 2.3 and shortly explained below. For the spin coating

we used a spin coater purchased from Ossila (product code: L2001A3-E461-UK).

Cast Coating

é Slow
660

Spin Coating

666 éi/é o

. — - S

Figure 2.3. Scheme of cast and spin coating. The rounded disks represent the substrate while the blue features

indicate a generic polymer solution developing the final thin film.

» In cast coating, a drop of polymer solution is poured on top of the substrate. The sample
is then left in air at room temperature to allow slow evaporation of the solvent under an

upside down funnel to avoid dust contamination.

* Inspin coating a drop of polymer solution is poured on top of the substrate, the substrate
is fixed onto a plate that starts rotating immediately after the drop deposition. The
rotation makes the drop flow covering all the substrate and allows the correct
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evaporation of the solvent. For the preparation of the polymer thin films discussed in
this work, we selected a rotation speed of 3000 rotations per minute for a total time of
1 to 2 minutes.

Nanostructuring techniques

To induce the desired nanostructure onto PEDOT:PSS thin films, described in details in

chapter 4, we used two protocols:

> Reprecipitation

We were able to fabricate polymer nanospheres by the so called “reprecipitation method”,
which is a common route to prepare polymer nanospheres of different chemical natures’®. The
reprecipitation method is a solvent-displacement technique that relies on crashing out
hydrophobic polymer chains in solution by displacing a solvent with a non-solvent, generally
water 1%, The polymer solvent and the non-solvent must be miscible with each other. The

reprecipitation method can be resumed as follows.

By using a syringe, a known volume of a polymer solution is injected into a known volume
of non-solvent. The immiscibility of the polymer in the non-solvent, and fluid dynamic given
by the injection, make possible the aggregation of the polymer in sphere shaped nanoparticles,
resulting in a final colloidal dispersion. The selection of the correct solvent/non-solvent couple,
their relative ratio, and the polymer solution concentration, are the main parameters affecting
the nanospheres’ dimensions and stability. If the solvent has a lower boiling point than the
counter solvent, the latter can be easily separated by evaporation. In the opposite case, the
solvent can be also separated by dialysis 17

> Solvent Vapor annealing (SVA)

SVA s awidely used technique for the nanostructure modification or reorganization of polymer
films. This technigue consists of exposing the film to a solvent vapor saturated atmosphere for
a certain amount of time 1% The impact of the nanostructuring technique on the sample depends
on the polymer nature, the selected solvent, and the time of annealing.

For SVA, we used a glass desiccator (inner diameter = 150 mm) saturated with THF vapors.
This chamber was prepared by leaving a pure volume of THF (20 mL) free to evaporate inside
it. The solvent was replaced as many times as required until it preserved its volume without
further evaporation. The polymer pristine thin films were subjected to solvent vapors at
different times. After solvent exposure, the films were left again in high vacuum, overnight and

at room temperature, to allow evaporation of the residual solvent.
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2.3 Experimental methods

2.3.1 Atomic Force Microscopy (AFM)

Microscopic methods constitute a powerful tool to investigate the structure of polymeric
systems on multiple length scales, helping the investigation of the disposition of complex
compositional and topological features also giving visual feedback of the micro- and nano-
domains composing the material of interest 1%, Among these methods, AFM distinguishes for
its versatility and relatively fast data acquisition *1°. The working principle of AFM is shown
in Figure 2.4: the electronics control the vertical z-position of the probe respect to the sample,
which enables having a desired deflection of the cantilever; then the probe is shifted all along
the interested surface portion by the piezoelectric scanner in the x-y plane and the photodiode
converts in electric signal the bending of the cantilever (that depends on the tip-surface

interactions) for each pixel of the resulting image.
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Photodiode

Figure 2.4. Scheme of the AFM setup.

The working conditions of an AFM significantly vary from an operational mode to another. In
the following lines we are introducing the imaging acquisition methods employed in the work
presented by the thesis.

Operation modes:

Contact mode. In contact mode, the system scans the sample at a fixed deflection setpoint
of the cantilever. In these conditions, the force applied by the tip to the sample is maintained
constant for the entire acquisition. To ensure that, the electronics correct the voltage sent to the
piezo scanner after every scanned point. The feedback of the system to the topological
arrangement of the sample, evaluated from the cantilever following the height profile, provides
the final image ! The adjustment of this acquisition technique deals with the “deflection
setpoint”, but other parameters such as “scan rate” and “samples per line” are also important,

as they define the velocity with which the tip brushes the surface and the acquisition time. The
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feedback loop which determines the z-adjustment of the piezo scanner is controlled by the
Proportional-Integral-Derivative control: PID gains. A correct modulation of the proportional,
integral, and derivative gains determines the right compromise between a good signal to noise
ratio and an accurate estimation of the height at every scanned point. PID, scan rate and samples
per lines parameters play an important role in every AFM operation mode, even if the
acquisition time per line varies from one mode to another. Depending on the topography
features of the sample, high deflection setpoints may be required to have a good tip-sample
interaction in order to obtain good image resolution; this fact is particularly problematic when
the sample is soft and more prone to be damaged, which might give artifacts in the final image.

Moreover, soft or adhesive samples can easily contaminate the tip in these operating conditions.

Intermitted contact mode. In Intermitted contact mode, or tapping mode (TM), the tip
is vibrating at a frequency near to the cantilever resonance frequency (f;,, generally around 10°
Hz) and brought close enough to the surface to interact with the sample (intermittent contact)
111 The oscillation is kept at a fixed amplitude by the system that adjusts the z-position of the
probe respect to the sample and gives the topography profile. The main parameters that the user
must take into account for such operation mode are the “Amplitude Setpoint” (that drives the
strength of the tip-sample contact interaction) and the “reference frequency” at which the
cantilever is operating (that strongly affects the accuracy of the experiment). The Amplitude
Setpoint is the target amplitude of the cantilever oscillation set during the scan, this is lower
than the drive amplitude (which is the amplitude of the free oscillation in air for the same
applied excitation to the leaver, set at 500 mV for all our experiments) in order to allow an
effective tip-sample interaction. The reference frequency varies with the cantilever f, (that
needs to be calibrated at the very beginning of the experiment), it is generally selected at lower
frequency respect to the f;, as the resonance frequency in proximity of the sample is generally

lower. A scheme of the TM operation is shown in Figure 2.5.
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Figure 2.5. Scheme of the AFM operation in TM.

An interesting feature of this operation mode is the possibility to analyze the phase of
the outcoming signal respect to the driving excitation. In this analysis, the resulting phase shift
(Ag) is registered for every pixel, returning a phase image that can provide information about
the mechanical response of the studied material 2. More specifically, the resonance frequency
of the cantilever shifts when the interaction between it and the analyzed surface changes. This
shift will be to lower frequencies for attractive forces or to higher frequencies for repulsive
ones. A higher phase shift represents a stronger interaction of the tip with the substrate, which
can be ascribed to zones on the sample with different mechanical properties. Height and phase

images are acquired simultaneously.

Peak Force Tapping mode. Another AFM imaging method is force volume, which
defines a series of AFM operation modes able to store force-distance data at every scanned spot.
Peak Force Tapping (PFT) is a force volume protocol introduced by Bruker that uses the peak

in force gained from the acquired FCs to control the feedback loop and to give the height output
111

PFT presents a fundamental difference with respect to ordinary Tapping Mode: it works
with a stationary cantilever whereas the sample tip distance varies through the z-movement of
the scanner at a frequency far from f; (usually between 1 kHz and 4 kHz), in such a way to
neglect any dynamics noise arising from a resonant object. In our work, we acquired PFT
images with a drive frequency of 2 kHz. PFT allows better control over the forces acting
between the tip and the sample, giving the possibility to register and analyze them 3. Ideally

speaking, we can imagine the behavior of the cantilever as represented in Figure 2.6 where is
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shown a scheme of the force acting on the sample during a single cycle of tip-sample interaction

in the range of interest.
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Figure 2.6. Force vs time in PFT operation mode.

The “PFT amplitude” is the maximum cantilever deflection during the scan and it is an
important parameter to take into account as it highly affects the feedback accuracy from the
height channel along with the experiment. The selected PFT amplitude for our experiments was
100 nm. The most important parameter regulating the experimental operation in PFT is the
“Peak Force Setpoint”. This is the maximum force applied by the tip to the sample (similarly
to the “Amplitude Setpoint” for TM) and it must be properly chosen by the user to avoid
sample/tip damaging or tip contamination. Higher Peak Force Setpoints provide higher
precision in the topological investigation of approximatively non-deformable surfaces.
Normally, harder samples allow choosing higher Peak Force Setpoints (always taking care not
to damage the tip). The “Sync Distance” is a time constant at which the z-piezo is at its lowest
traveling position during PF-QNM imaging (see below), and it is fundamental in order to obtain
quantitative values 3!, It is shown in Figure 2.6 as the time in proximity of the dotted line.
The Sync Distance is the point when the maximum force is achieved and it is fundamental to
properly set the limit between trace and retrace (which are the lines respectively blue and red
in Figure 2.6). This parameter was evaluated using a hard sample as reference (sapphire) and

left constant during the set of experiments.
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Image processing:

The software used for the image processing in this work was Nanoscope Analysis 1.9
(baseline adjustment, surface roughness, thickness evaluation) and ImageJ (maps composition,

nanoparticles analysis).

Baseline adjustment. Due to small plane inclinations always present in the
samples/substrates, the AFM rough images normally result bow shaped or tilted respect to the
uniform surface that the user may expect. For this reason, before the image analysis is usually
necessary to correct the baseline approximating the plane to a polynomial function (first order

or higher).

Surface roughness. From the topography images, the mean surface roughness (R,) was
calculated as R, = N™tYN .|z, — z,|, where N is the total number of pixels in the image,

|z; — z,| the average height value at the i-th pixel of the image, from the mean plane (z,).

Maps composition. By using a software analysis on images from different channels (such
as modulus and height) it is possible to obtain a compound image where the portion of one
channel, deriving from pixels presenting a property value (in the color scale) above a certain
threshold, is overlying on the other channel image. In this way, it is possible to highlight
portions of the surface topography presenting the physical property of interest. We made use of

ImageJ software for such image processing.

Nanoparticles analysis. The size of a set of nanoparticles in a sample can be estimated
by AFM by acquiring several images of the film and evaluating the mean value of the imaged
objects. This operation can be also done by using a software analyzer able to recognize the
desired object shape giving selectively the size distribution of for a considered picture. For this
kind of measurements we used ImageJ software. An example of this image analysis is reported
in Figure 2.7 where several nanospheres of PEDOT:PSS are counted and analyzed by the

software.
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570.0 nm

Figure 2.7. AFM height image of PEDOT:PSS nanospheres deposited on ITO glass with the corresponding

particles’ size analysis. Scale of the images reported below (right) in the black and white picture.

Thickness evaluation. We evaluated the thin films’ thickness via AFM. By scratching
the surface using sharp tweezers we induced a cut on the film then, with the help of the optical
microscope, the tip was brought in proximity to the cut edge and approached to the sample
surface as usual. The film thickness evaluation was performed in TM and we measured the
height between the sample/substrate step as reported in Figure 2.8.
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Figure 2.8. Cross section height evaluation of PEDOT:PSS thin films at different thicknesses deposited on ITO
glass.

Quantitative Nanomechanical Analysis (QNM)

In general, AFM does not only provide information about the topography, but also data
related to tip-sample interactions during the scan which, with the appropriate model, can be
extrapolated in terms of forces to quantitatively evaluate the mechanical properties of the
sample with quite good spatial resolution *. This concept constitutes the basis of Quantitative
NanoMechanical analysis (QNM) operation, able to uncover the disposition of features with
different mechanical response and to address them quantitative values in Young’s modulus,
Stiffness, or Adhesion 2. All these parameters are obtainable from Force-distance Curves (FC)
that the instrument acquires at every tip-sample interaction cycle. QNM works in PFT mode,
and it needs a proper calibration of the tip spring constant and of the “Deflection Sensitivity”
parameter in order to obtain reliable FCs from the signal acquired during the PFT experiment.
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In our work, for Peak Force-QNM (PF-QNM) measurements the system was calibrated
following recent literature reports 1°-117_ For the calibration of the probe, we followed a strict
protocol to ensure coherence between each set of experiment. The cantilevers’ spring constant
was calculated using Sader’s method. This calibration approach uses the resonance frequency,
the quality factor and the geometrical attributes of the cantilever to derive its spring constant
18119 The quality factor is the ratio of energy stored to energy lost in one radian of a cycle of
oscillation and is calculated by the system during the resonance frequency calibration. The
Deflection Sensitivity, which is the ratio between the applied force and the resultant z-
separation of the probe while the cantilever bends in contact with a hard surface, was calibrated
by performing a linear FC against a sapphire standard (1 Hz, Z-ramp = 200 nm, trigger threshold
= 0.2 V). The Deflection Sensitivity was verified before and during PF-QNM operation, using
the same sapphire sample (PeakForce frequency = 2 kHz, PeakForce amplitude = 100 nm,
PeakForce setpoint = 0.2 V), allowing a maximum 10% deviation between the PF-QNM and
force-distance results. Immediately afterward, the “Sync Distance” parameter was evaluated
using the sapphire sample. The obtained value was fixed during all PF-QNM measurements.
Furthermore, we calibrated the tip radius by using a poly(styrene) (PS, standard reference:

Bruker, PeakForce QNM Sample Kit) sample with know Epg = 3GPa following eq. 1.12.

By PF-QNM, it was possible to obtain both maps with mechanical contrast and local
mechanical properties. We must clarify that the geometry of polymer nanostructures might
influence a proper quantification of mechanical properties by PF-QNM maps alone, as reported
recently *2°. Also, problems as topography crosstalk and the influence of the sinusoidal
excitation of the piezo scanner during mapping % might affect a precise quantification of
mechanical properties by PF-QNM maps. For this reason, the information gained from local
nanoindentation experiments provide the possibility to have a more precise evaluation of
quantitative properties. This fact does not exclude the extremely useful level of details

obtainable in terms of nanomechanical mapping from the PF-QNM images.

Conductive-AFM (C-AFM)

By C-AFM one can acquire conductivity maps by scanning the sample surface under a
constant bias between the tip and the sample. With the same setup, we can also measure the
electrical conductivity of the sample in a chosen spot of its surface by performing local
experiments. The AFM setup for this kind of experiments requires a conducting substrate,

where the polymer thin film is deposited on top, and a conductive AFM tip both connected to
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the circuit. We performed the C-AFM experiments in Contact Mode. The electrical conductivity
was measured by local I-V curves. In C-AFM experiments it is required a precise control of the
forces between probe and sample to perform a proper surface scanning without scratching,
while at the same time allowing good electrical contact 2%, In this way, we calibrated the probes
to allow force control, in a similar way to the mechanical calibration. We obtained the
cantilevers’ spring constant by Sader’s method and calibrated the deflection sensitivity against
a Sapphire standard, as detailed before. The local experiments were performed by the
acquisition of current-voltage curves (I-V curves) on particular areas of the surface. At this
point, a DC voltage ramp was sent to the sample (Sgias), at 1 Hz rate. For each sample, the
corresponding |-V curve was acquired. We calculated the conductance of the films by
determining the slope of the curves via a fitting to a linear function, and obtained the resistance
as its reciprocal value. From the conductance measurements, was possible to estimate the

samples’ conductivity (o) as:

o= 2.1)
Where h is the sample thickness, C the conductance, and s the tip-sample contact area 33122123,
In our work, the contact area was calculated using the Hertz contact mechanics approximation
(eq. 1.11) ¥,

Nano-Dielectric Spectroscopy (nDS)

AFM also provides the possibility to map the electrostatic forces acting between the tip
and the sample. In this context, Electrostatic Force Microscopy (EFM) is based on the electrical
force (F,) resulting from the interaction of a conductive AFM probe with charged and/or
polarizable entities in the material 1?°. The AFM operation consists of a two steps line-by-line
scan. The first one consists of a PFT or a TM height scan, where zero voltage is sent during the
profile acquisition. The second step actuates in “lift mode”, where the tip is maintained at a
fixed distance far away from the surface without any mechanical excitation. During the lift
mode, the tip and the sample are connected to an electrical circuit and a sinusoidal electric bias
is applied to the tip. The voltage amplitude () and the frequency (f,) of the electrical field

between the tip and the sample in lift mode are selected by the user. Given the sinusoidal voltage
Vi with a frequency f, = % by modeling the probe-sample system as a capacitor with

capacitance C, it is possible to evaluate the electrical force resulting from an electrostatic

potential energy W (described by eq. 2.3) as:
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Vo =V sin(w,t) (2.2)
W= -cv? (2.3)
ow
e — 9z (2-4)
10C . )
Fo(t) = 55 (Vs + Vo sin(w,t)) (2.5)

I, is the surface potential and gives information about the charge accumulation at the surface
interphase resulting from the applied electric field. As our study focuses on the dielectric
properties of the investigated materials, which are related to the capacitance, we made use of
the second harmonic of the cantilever motion, that is not influenced by V;. The relation between
the capacitance and the electrostatic force in the second harmonic of the cantilever oscillation,
which allows measuring the nano-dielectric properties of the sample, is then expressed as

follows.

0
Faue(t) = = 75-Vo” cos(2w,t) (2.6)

For an applied frequency w, much lower than the resonant frequency of the cantilever,
the resulting force (related to the deflection of the cantilever itself) oscillates at twice the applied
frequency (out of phase from the applied voltage). However, if some dissipative electrical
interaction takes place as, for example, a dielectric relaxation, there will be a change in phase.
This change in phase as a function of w, allows detecting the dielectric relaxation phenomena

with a lateral resolution in the nanoscale range 126128,

Equipment

The AFM measurements were carried out in a Multimode AFM equipped with
Nanoscope V electronics and the Signal Access Module 111 (Bruker), running Nanoscope 8.15
software (Build R3Sr8.103795). For the nanodielectric characterization, the system was

coupled with the external lock-in amplifier SR-865A.

The morphology and mechanical studies were conducted using AFM probes Tap300Al-
G and Tap150AlI-G probes by BudgetSensors (spring constant k respectively ~ 20 N/m and = 3
N/m, R=~10 nm, H~= 15 pm, W~ 30 um, L = 125 pum, resonance frequency fo respectively 300
kHz and 150 kHz).
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C-AFM measurements were carried out using conductive probes (DDESP-FM-10,
Bruker, conductive diamond coating, k ~ 6 N/m R = 100 nm, H = 3 pm, W = 30 um, L = 225
um, fo = 105 kHz; SCM-PIT-V2, Bruker, conductive Ptlr coating, k = 6 N/m R = 25 nm, H =
13 um, W= 30 um, L ~225 pm, fo =75 kHz). In this case, the samples were deposited on ITO
substrates that were later on connected to the AFM sample holder using silver conductive paint
(RS components, product #189-3593). For the C-AFM characterization, we used a deflection
setpoint of 50-75 nN of normal force. The current signal was detected by the current amplifier

(Extended TUNA application module) at a 100 nA/V of maximum sensitivity.

The nDS characterization of the lower molecular weight sample was carried out by using
a SCM_PIT_V2 probe, the model validation as long as the high molecular weight sample with
HQ:DPE-XSC11 (umasch, conductive Pt coating, k =7 N/m R = 50 nm, H = 15 pm, W = 30
pm, L~ 125 um, fo = 155 kHz).

2.3.2 Broadband Dielectric Spectroscopy (BDS)

Broadband Dielectric Spectroscopy (BDS) is a powerful tool to experimentally evaluate
the £*(w) and obtain information about the relaxation processes that occur in a frequency
window approximately between 1073 Hz and 10° Hz, range where ions’ and dipoles’
fluctuations are normally contributing to the polarizations that might occur. The principles of

BDS are briefly explained in the following section.

Experimental setup

To evaluate the complex dielectric function in the analyzed samples, we made use of a
broadband dielectric spectrometer. The impedance of the sample was measured in a parallel
plate capacitor in an impedance analyzer by applying a sine wave electric potential. The scheme
of the sample cell is shown in Figure 2.9. The permittivity is then obtained from the measured

complex capacitance C*(f) through Z*(f) as:
(N = (N7 2.7)

Where d is the distance between plates, A the electrode area, and C*(f) = — #Z*(f).

area, and C*(f) = —#Z*(f).
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Figure 2.9. Scheme of the sample sandwiched in different electrodes geometries: a) thin film spin coated on a
layer of Al obtained by Physical Vapor Deposition and sandwiched with a second Al layer deposited on top of it
in the same conditions, b) sample film between two gold plated electrodes, obtained by compressing at

Temperature > melting Temperature using a Teflon spacer.

In this work, we used two different sample geometries for the BDS measurements. For
measurements on “thick” samples (0.1 mm), we adopted a capacitor configuration constitute of
two gold plated electrodes with diameter of 20 mm, and a sheet of our sample in between with
thickness ~ 0.5 mm. In this case the measurements were performed with the equipment
Novocontrol high-resolution dielectric analyzer (alpha-A analyzer). For measuring the
dielectric function of thin films the sample was deposited from Toluene solutions at different
concentrations over Al (Sigma-Aldrich, purity >99.9%) round electrodes previously deposited
by Physical Vapor Deposition (PVD) on a glass substrate, the upper Al electrodes were also
deposited by PVD directly on the samples. The PVVD was carried out by means of Tectra Mini-
Coater equipment. The area of the obtained capacitors was evaluated by ImageJ software from
images acquired through a magnifying glass, giving a usual value of ~ 7 mm?. The thickness of
the thin films was evaluated through eq. 2.7 at T=30° C and f=10° Hz considering a value of &«
for PEO = 2.75. For the BDS characterization of thin films nanocapacitors, we employed a

Solartron Analytical equipment.

2.3.3 Other complementary methods

Differential Scanning Calorimetry (DSC).

The principles of the technique consist in measuring simultaneously the temperature of
a reference standard and the sample, from which is derived the heat flow passing through the
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sample from the rate of temperature change for a given amount of heat. DSC provides
information about the heat flow in the material as a function of temperature, in a range of
temperatures as wide as the equipment allows (usually between -100 °C and 500 °C) as long as

the sample does not degrade *2°.

In the presented work, DSC was used for monitoring the glass tansition and the
melting/crystallization phenomena of the polymers investigated. DSC measurements were
carried out on approximately 5 mg of samples using a Q2000 TA instruments. A liquid nitrogen
cooling system (LNCS) was used with a 25 mL/min helium flow rate. Measurements were

performed by placing the samples into aluminum pans.

Conductivity measurements

A widely employed technique to measure the conductivity and the resistance of polymer
films is four-point probe analysis (FPP). This technique relies on four probes at a known
distance one each other. A known current generated by a DC power supply passes through the
two external probes, while the other two probes measure the voltage difference induced in the
conducting specimen. By this technique is possible to obtain Current-Voltage curves, which
provide quantitative information about the conductivity of the studied film *°.

Surface electrical conductivity measurements were conducted on thin films with a four-point
probe apparatus (Ossila, T2001A3), with a probe spacing of 1.27 mm, a set current range of 20
mA, and target current 5 mA.

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) takes advantage of the
Wide-Angle X-ray Scattering (WAXS) principles to give insights into the surface nanostructure
of the sample. In GIWAXS, an X-ray beam is sent to the sample surface with a characteristic
incidence angle oj. The detector collects the resulting horizontal (r) and vertical (z) scattered
elements: these determine the components of the scattering vector, providing information about
the orientation of the scattering planes at the sample surface. With such information, a precise
map of the crystalline cell are obtained for a perfectly ordered monocrystal, while in polymer
samples can be achieved important insights into the orientation, disposition, and conformation

of the crystalline lamellae or nanostructured surfaces 2.
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Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) was carried out in
collaboration with Dr. Mari Cruz Garcia-Gutiérrez (Instituto de Estructura de la Materia, IEM-
CSIC, Serrano 121, 28006 Madrid, Spain) at ALBA synchrotron, BL-11 (NCD-SWEET),
whose group was engaged in both acquiring and processing the GIWAXS data. The X-ray beam
wavelength was set at A = 0.1 nm (E = 12.4 keV). GIWAXS patterns were collected by a
LX255-HS 2D (Rayonix) area detector, placed at 14.6 cm from the sample. Set-up parameters
were calibrated using Cr.Oz. Reduction of GIWAX images was accomplished by using

available MatLab software 132133,

UV-Visible absorption and DLS

By UV-Visible (UV-Vis) absorption and Dynamic Light Scattering (DLS) we identified
the oxidation state and the size of PEDOT:PSS nanospheres, as explained in details in chapter
4 (section 4.2.1).

UV-Vis spectra were recorded on an Agilent 8453A apparatus using a quartz cuvette,
at room conditions. The DLS measurements were carried out at 25 °C in a Zetasizer Nano-ZS

apparatus, using disposable glass cuvettes.
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Dielectric characterization of PEO semicrystalline thin films

3.1 Introduction

The dielectric characterization of highly conducting samples is often obstructed by
polarization processes which mask many (usually every) molecular contributions in the low
frequency range of the spectra. The most common polarization, often considered as a purely
parasitic one, is the so called Electrode Polarization (EP). It arises from accumulated charges
at the interface of each functioning electrode; if the oscillation time of the electric field allows
to these to move through the entire body of the sample, the charges can dispose against the
electric field opposing a dielectric strength relatively high with respect to any structural
relaxation that may occur in the material 3. But EP itself is not necessarily an undesired
parasitic contribution for the sake of the information obtainable in BDS. In fact, it can be used
to study the free ion density and diffusivity of ion-conducting specimens, giving access to
several intrinsic characteristics of these samples *>7; this is because the EP is promoted in
highly conducting systems, as the most the charge carriers can move the more likely

polarization effects are induced.

In semicrystalline media, a second fundamental polarization effect must be considered
in the BDS analysis: the Maxwell-Wagner-Sillars relaxation (MWS). The MWS relaxation is
an interfacial polarization process occurring at the interface of the crystalline lamellae,
thereafter in the amorphous fraction of the polymer, as a consequence of the trapping of free
charge carriers (such as ions) in between them. This relaxation takes place due to the different
dielectric properties of the crystalline and amorphous fractions, which generates a
heterogeneous medium composed of microdomains with different permittivities/conductivities
and regularly spaced by a thickness given by the lamellae geometry. One can take advantage of
such interfacial polarization to study the crystallinity of the system and to experimentally

provide evidences of the complex interface disposed by a semicrystalline object 38139,

EP and MWS are intimately connected as both relaxations are driven by the ion
diffusivity in the body under the given conditions. As an example of that, we report in Figure
3.1 the dielectric spectra of a sample of PEO both in solid and melt state. As we can observe,
the huge contribution of EP would mask any other eventual relaxation. In a sample of solid state
PEO, both EP and MWS are observed. The MWS is always faster than the EP as the migration
of an ion among the single lamella is faster rather than for the entire capacitor. In melt state
PEO, the conductivity significantly increases suggesting a promoted ion mobility in the liquid
with respect to the solid. For this reason, a detailed description of the system in terms of
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molecular dynamics results hindered by the intense polarization phenomena dominating the
BDS signal.
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Figure 3.1. BDS results at 30° C and 80° C for a sample of PEO with a thickness of 0.1 mm.

The intensity of an interfacial polarization, such as EP, depends on the thickness of the sample.
For example, modeling EP as a Debye relaxation the following relations are valid ©°:

Ag gp = (% — 1) Eoo (3.2)
T = ()2 (3.2)

To an interfacial relaxation is generally attributed a Debye length (I) that indicates the
effective spacing of the electrical double layer. As it may be deduced from relation 3.1, one
strategy to reduce this polarization contribution is to reduce the thickness (D) down the [, of
the investigated sample, in such a way to minimize those effects considered parasitic in our

analysis.

In the first section of this chapter, we are going to present an in depth dielectric
characterization of semicrystalline polymeric systems taking advantage of PEO ultra-thin films.
As we will see, the thin film geometry allows to separate the polarization contributions to
structural relaxations in the BDS spectra. In such a way we were able to follow the intrinsic
dynamics at the melt state, adsorption/desorption kinetics at the electrode interface, as long as
the crystallization/melting process in the studied system. In the second section, we will present

the imaging of the heterogeneous dielectric behavior of PEO thin films at the nanoscale by
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AFM in Electrostatic Force Microscopy (EFM) to visually show the complex conductivity
paths in semicrystalline materials. A detailed modeling of the EFM apparatus and operation
comes along in section 3.3.
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3.2 BDS characterization of PEO thin films

In Figure 3.2 (a) are shown the BDS spectra in €'’ vs frequency of a PEO ultra-thin film
with thickness = 20 nm acquired in heating ramp. Also, in Figure 3.2(b), a graphical

representation of &, ,x,) against temperature displays how the dielectric constant changes

during the ramp. Knowing that the change from solid to liquid state strongly affects the value
of &', 19, we can by Figure 3.2(b) give an estimation of the real T,,, by considering the transition
to occur at the onset of the plotted curve. The T, of the commented sample was estimated to
be between 60° C and 65° C. The T, was similarly evaluated from a cooling ramp and found to
be = 50 °C. Interestingly, we observed a peak in the " spectra for T > T,,,. We will now on
refer to the relaxation associated to such signal as u-. The u-process observed for T > T,,, cannot
be associated to segmental mobility, which at this temperature is expected to be more than one
million times faster, then it must be related to another relaxation process occurring in such
conditions in PEO 1, Moreover, as the intensity of this slow process increases as the melting
progresses, we attribute this relaxation mechanism to the newly formed polymer melt.

The dynamics of polymeric melts are governed by the flow of macromolecules
constantly disentangling and entangling each other that, in a non-equilibrated system, respond
to temperature dependent regimes to which is possible to ascribe an Arrhenius trend thereafter
an activation energy *2. We commonly refer to this molecular process as “SAP” (Slow
Arrhenius Process). The SAP is then related to the flow of the polymer chains and its activation
energy matches with the activation energy of the flow 8. In a semicrystalline body, where the
system can be described by a “frozen” lattice of crystalline domains hindering the shear of
macromolecules, the volume fraction of the domains that can relax as a consequence of the SAP
is extremely low and localized in the amorphous part. For this reason, a sample of pure PEO
under heating shows a clear signal associated with the SAP in the dielectric spectra only after
the fusion of the crystals. This evidence can be experimentally appreciated by BDS, but only
for samples with extremely low thickness, being the signal normally masked by polarization

phenomena in thicker ones (see section 3.1).

As the intensity of the u-process increases as the melting progresses, we attribute this
relaxation mechanism to the newly formed polymer melt. Knowing that, we can claim that the
data confirm our previous considerations, showing a clear peak (associated with the SAP of

PEO) specifically at the melt state.
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Figure 3.2. Dielectric spectra of PEO ultra-thin film (thickness ~ 20 nm) at different temperatures for a 1

°C/minute heating ramp.

Being the u-process ascribable to the melt dynamics, it is possible to take advantage of
it to follow the formation/fusion of crystals in time, providing more insights into the Kinetics
governing crystallization processes in semicrystalline polymers. Nevertheless, this is not the
only information that we could gain from the dielectric signature in PEO ultra-thin films. In
fact, the analysis also revealed slow and weak changes of the peak position in isothermal
conditions, not related to the formation of a liquid phase. As we will see, the peak shift with

annealing time is linked to a changed chains conformation in the volume unit.
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3.2.1 Heterogeneity in supported PEO melt

To gain more information on the u-process, we performed another set of experiments
by holding the thin polymer films at a suitable temperature in the melting regime. This
procedure permitted us to monitor in situ the entanglement dynamics in the melt. The annealing
experiments on PEO thin film were performed at 65° C, a heating/cooling cycle (in the same
conditions of the dynamic analysis) was performed after annealing. To compare the dynamic
analysis and the isothermal one on two different samples of PEO, each measuring = 20 nm of
thickness, the g-process from the entire dielectric dataset was approximated to an Havriliak-
Negami function with a and B parameters respectively fixed at 0.75 and 1. The fitting results

obtained namely t and Ag, are reported in Figure 3.3.
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Figure 3.3. Values of 7, and Ag, in logarithmic scale against 1000/T (Temperature in °K) for two samples of

PEO thin films each possessing thickness = 20 nm. Data plotted as squares refer to a single heating (red: 1) and
cooling (light blue: 2”) cycle on a fresh sample; data plotted as circles refer to one heating (red: 1) and cooling

(light blue: 2) cycle on a sample annealed at 65° C for 48 h in isothermal conditions (green: 0).

As we can observe from the t values respect temperature, the sample undergoes
hysteresis for a first dynamic scan during the heating/cooling cycle, showing quite different
values between the heating and the cooling ramp (indicated as squares in the graph from Figure
3.3). This fact suggests a non-equilibrium state of the polymer melt under investigation. By
assuming the liquid to have an Arrhenius-like behavior ( E, = R dlnt/d(T 1)) and fitting the
latest data in cooling ramp (considering the system in this range to be close to its equilibrium

state), we obtain an E,, value of 36 kJ/mol. If we now consider data from the isothermal analysis
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(indicated as green circles in the graph from Figure 3.3), we can clearly recognize an
equilibration of T, with time toward lower values. Moreover, the hysteresis between heating
and cooling disappears after the annealing, indicating a different state of the now stable liquid.
By fitting the data from the cycle after the annealing, an E, of 38 kJ/mol was estimated,
matching the previous value and confirming that the system goes toward equilibration with the
annealing time. Moreover, the E, of the u-process matches with the flow activation energy of

PEO (= 38 kJ/mol from rheological analysis }4!), as one should expect from a SAP &,
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Figure 3.4. a) values of 7, against time in isothermal conditions at 65° C for one sample of PEO thin film with
thickness = 20 nm. In red: fit to an exponential decay curve. b) Normalized values of t vs time from isothermals
on samples with two different thicknesses, respectively 20 nm and 35 nm. 1o identifies the relaxation time

corresponding to the infinity annealing limit of isothermal. We set 45 hours as the infinite time of isothermal.

The reason behind changes in 1, with time can not be connected to the progressive
formation of the liquid because this would alter the magnitude only, so then the dielectric
strength, of the u-process due to the evolution of the crystal/melt volume fraction during fusion.
In fact, for a shift in relaxation time a different dynamics of the molecular motion would be
expected. These considerations lead us to the conclusion that a change in the liquid properties
themselves should happen to justify such outcomes. At first instance, a difference in the
adsorbed fraction of PEO chains at the surface of the Al electrodes during the annealing could
explain such a behavior. The fact that desorption of polymer chains is promoted at higher
temperatures is in line with this idea 3. The increased mobility related to the desorption of the
previously partially adsorbed PEO at the surface could indeed fasten up the melt dynamics 44,

This hypothesis stands while the kinetics of the process is unrelated to the crystals fusion and,
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more important, unchanged for different samples’ thicknesses 84, By focusing on Figure 3.4(b),
we can notice how the equilibration kinetics agree with this idea, showing no change with

thickness.

PEO melt

PEO adsorbed layer
Substrate

Annealing

Figure 3.5. Scheme of the equilibration of the polymer adsorbed interface at the Al electrode.

On the other hand, knowing that different molecular conformations may change the
rheological properties of the thin film, the results do not exclude a difference in the
entanglement disposition of PEO chains at T>Tm, which is also in line with other previously
reported works #*1%®_ Following this idea, the decrease in relaxation time, connected to the
increased mobility of the melt molecules, would be then related to an increased reentanglement
rate 8. This behavior finds explanation in the intrinsic nature of polymer melts obtained from
semicrystalline precursors, where the resulting liquid phase can present a long-living
heterogeneous character 47, Figure 3.4(a) shows the values of 1, annealed in isothermal
conditions at 65° C. Here, the decay of 7, to a fixed and lower value reveals the kinetics of the
melt: after the fusion point, the new formed heterogeneous liquid (having higher molecular
mobility 1*8) tends to equilibrate with time toward the formation of a more stable phase for

longer annealing periods **° (Figure 3.6).

Heterogeneous melt Isotropic melt
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Figure 3.6. Schematic representation of the formation and equilibration of a heterogeneous liquid from a

semicrystalline precursor.

To present another evidence of the entanglement evolution for T > T, in the
heterogeneous media, we acquired the BDS spectra on a sample of PEO subjected to multiple
heating/cooling cycles. The temperature in the cooling step was lowered below the
crystallization temperature in every cycle. The analyzed sample presented a thickness of =~ 35

nm, which is higher than the first case we presented. The t, values of the sample were found to
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be higher respect to the lower thickness example; as we will see in the next paragraphs (section
3.2.2), the increase of 1, with thickness is generally observed and connected to the nature of the

relaxation itself.
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Figure 3.7. a) values of 7, in logarithmic scale against 1000/T (Temperature in °K) of PEO thin films with
thickness ~ 35 nm during two consecutive heating/cooling cycles; b) At, at 65° C between the heating and cooling

step for five consecutive heating/cooling cycles.

As we can observe in Figure 3.7(a), the melting and recrystallization of the polymer do
not affect the trend of the relaxation time with temperature. This evidence can be appreciated
by following the two series of data displayed by light blue squares and red triangles, revealing
once again that the shift in t, position with time is unrelated to any crystallization or melting
dynamics. The peak displacement with temperature in the heating step follows the dynamics of
the final points from the previous cooling, demonstrating entanglement retention due to memory
effect of the new melt obtained from the recrystallized material %5, The results shown in
Figure 3.7(a) envisage a smaller hysteresis in the second cycle compared to the first one. These
findings point out the impact of the thermal history on the properties of the resulting phase, for
which a higher level of heterogeneity is observed in liquids obtained by melting freshly spin-
coated films rather than slowly cooled (0.1°C/min) samples. The melt equilibration after
annealing is further proven by following the hysteresis magnitude after several heating/cooling
cycles (Figure 3.7(b)), where at every annealing step the value of At, between heating and

cooling (at 65° C, for each cycle) keeps lowering down.

All these considerations are not in conflict with our first hypothesis which ascribes the
hysteresis phenomenon to the desorption of PEO at the Al interface. In fact, under this
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circumstance, the evidence accounting the superposition of the 1, vs 1000/T slope from the
second heating and the first cooling is justified by a the freezing-in of the adsorbed layer as a
consequence of crystallization. Under these conditions, in the second cycle the system recovers
the desorption kinetics once it accesses the melt state again. As a consequence, we cannot
discard one hypothesis or another, these concerning heterogeneous liquid and adsorbed

interfaces.

Our study highlights the complexity of the studied system and the several factors one
must take into consideration during the analysis of the dynamics in semicrystalline systems. On
the other hand, they open the possibility to take advantage of these concepts to follow in situ

the complex dynamics of such heterogeneous liquids.

3.2.2 Melting of PEO thin films

The melting of polymers is usually conceived as a first order transition where the
material undergoes a strong change in elastic modulus and density due to the fusion of its
crystalline domains. The mechanism of melting and crystallization of polymeric materials has
been argument of debate since several decades due to the complexity given by their
semicrystalline nature (see section 1.2.2), for which it is not possible to adopt any model
involving an infinitely repeating unit cell for the entire bulk like in standard crystalline media®2.
Moreover, the growth and fusion of the crystalline lamellae can develop following different
paths, complicating even more the understanding of such dynamics 3. To follow in situ the
melting of semicrystalline polymers, we focused the attention on the previously discussed
samples of PEO thin films. In particular, we monitored the evolution of the melt dynamics to
elucidate any contribution of the progressing fusion of the crystals by BDS taking advantage of
the u-process both in dynamic and isothermal conditions. More specifically, from the
isothermal analysis, we were able to recognize the evolution of the u-peak with time. Changes
in Ag, derive from the increment of the liquid fraction per unit of volume. This is directly
ascribable to the progressive fusion of the crystalline nuclei providing direct visualization of
the melting of these crystalline objects. The complex component of the dielectric constant vs

frequency for different annealing times is plotted in Figure 3.8(a).
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Figure 3.8. a) BDS spectra in €" vs frequency for PEO thin film (thickness = 20 nm) in isothermal conditions at
65° C; b) Normalized values of Ag, vs time from the fits on the data from isothermal on samples with two different

thicknesses, respectively 20 nm and 35 nm. We set 45 hours as the infinite time of isothermal (t — ).

As we can observe, the peak position slightly changes for an annealing time up to 10 h.
This small change in 1, is explained by taking into account the presence of multiple phases in
the melt, which constitute a heterogeneous media slowly equilibrating with time toward the
isotropic state, as discussed in section 3.2.1. On the other hand, the trend of the dielectric
strength with time at 65° C (Figure 3.8(b)) shows the fusion of the crystals. At time zero Ag, iS
extremely low due to the limitation of the dipoles fluctuation given by the crystalline lattice. As
the isothermal proceeds, Ag, rises as a consequence of the fusion of the crystals; the maximum
rate of fusion, connected to the maximum value in the sigmoidal slope °* is not so evident
from the curves because the system at 65° C is already partially fused, or it quickly fuses at the
initial steps of the isothermal. The kinetics shown by the dielectric strength evolution with the
annealing time agrees with a nucleation-growth phase transition, being this the usual
mechanism driving the polymer crystal melting **°. The curves describing the dielectric strength
ascribable to the u-process in isothermal conditions for different thicknesses reveal the impact
of confinement on the crystals’ fusion kinetics. We remember that, for higher confinement of
PEOQ, its crystallinity and crystallization/fusion rate can suffer important changes; an increased
fusion time is expected for highly constrained semicrystalline polymer films thereafter, samples
with lower thickness need more time for the crystalline domains to fully fuse *. This evidence
is experimentally observed by the data presented in Figure 3.8(b), where the melting kinetics

of the thinner sample is slower respect to the thicker one.

By analyzing the properties of melt PEO it was possible to discuss several aspects of

polymer melting, but more information about the state of the system in solid, or even in the
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earlier stages of solid-liquid transition, still lacks deeper insights. To provide a comprehensive
description of the studied system, we decided to investigate any other eventual relaxation
phenomena related to the crystallinity of PEO by expanding the analysis on a broader range of

temperature, now considering also T<Tm.
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Figure 3.9. Dielectric characterization of 35 nm thick PEO thin film. Similarly to Figure 3.2(b), values of ¢’ at 10°
Hz were plotted against temperature to recognize the solid-liquid transition. At the bottom: 3D plot of & vs

frequency vs temperature between 55°C and 75° C on a heating ramp at 1° C/min. Color map scale: 0.0
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In Figure 3.9 we report the BDS spectra of a 35 nm thick PEO film through a 3D plot
where frequency and € are plotted over the temperature window of interest. As we can observe
in the 3D plot a second peak appears at T>55° C. This signal does not disappear above the melt
temperature, as we can observe from the dielectric signatures of the sample at T > T,,, from

Figure 3.9. We will now on refer to this signal as “MW”. The position of the latter peak below
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T,, is extremely sensitive to temperature, shifting rapidly toward higher frequencies until
reaching completely different dynamics after the melting point. In the melt, the evolution of the
MW signal with temperature follows the dynamics of the u-process. To better understand the
nature of the MW signal, we acquired BDS data on several samples with different thicknesses

(results in figure 3.10).
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Figure 3.10. At the top: BDS spectra of PEO samples with different thicknesses at 65° C after 48 h annealing. At

the bottom: results obtained from the fit on the spectra plotted as t and Ag respect the samples’ thickness.

As we can observe from the obtained results, the MW-process (at lower frequency respect to
the u-process) shows up by increasing the thickness. By extrapolating the relaxation times
corresponding to the peaks in function of thickness and fitting the two series of data to a power

law, we obtain a factor of 2.3 for the u-process and a factor of 0.83 for the MW-process. The
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values obtained in tmw and Aemw put in comparison with t, and Agy, for a set of samples at 65°
C, are plotted in Figure 3.10(b). The fact that the MW signal appears by increasing the
thickness, and its relatively high dielectric strength in thick samples, suggests the nature of such

relaxation itself, which we envisage to be associated with interfacial polarization.

Amorphous

Crystalline

Amorphous

Semicrystalline

Figure 3.11. Scheme of interfacial polarizations occurring in PEO under an applied electric potential at the melting
point.

By knowing that EP relaxations are highly correlated to the chains dynamics of the
medium 35157 the MW signal for T > T,,, must be related to the interfacial polarization between
the two electrodes due to its evident correlation with . On the other hand, the different
evolution of the peak position below the T,,, seems to address to the MW interfacial polarization
a different nature in solid state, where it is associated to a way faster kinetics. For this reason,
we ascribe the MW-process below the T,, to the interfacial polarization between semicrystalline
objects (MWS relaxation) that rapidly fuse in proximity of the melting point. With the
progressive fusion of the crystals, the MW-process fastens up due to the lower lamellae number
and thickness 13, shifting the values of the peak maximum toward higher frequencies by the

proceeding of the lamellar fusion. Resuming, we attribute the peak MW at T < T, to interfacial
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polarization taking place at the lamellar interphase (MWS-like) which develops towards an

electrode polarization once the polymer finds its melt state.

To summarize, in the work presented by this first section we systematically investigated
the melting process in PEO semicrystalline thin films via BDS. By monitoring the real part of
permittivity at high frequency as a function of temperature in the heating ramp, we were able
to identify the T, under the applied heating rate. By the acquisition of the dielectric spectra, it
was possible to identify a relaxation process as a peak in € sharing the same activation energy
that the melt flow and addressed as u-process. The molecular origin of such process was
ascribed to the SAP, moreover, the u-process occurs in the liquid only, giving the possibility to
introduce an experimental methodology to investigate the kinetics involved in the solid/liquid
transition of the polymer. The strong hysteresis exhibited by the u-process between the first
heating and the first cooling attests to a heterogeneous metastable character of the supported
melt, which equilibrates towards equilibrium with annealing time. The heterogeneity of the melt
can be attributed either to the layer adsorbed at the electrode interface or to the characteristics
of the liquid itself. Finally, by increasing the thickness of the sample a second peak was
detected. The MW-process, ascribed to interfacial polarization, increases by increasing the
thickness of the sample and follows the dynamics of the SAP in the melt state. From the
acquired set of data, we envisage that the MW-process evolves from a MWS polarization
toward EP along with the fusion of the crystalline objects in proximity of the solid/liquid

transition.
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3.3 Imaging the heterogeneous transport
properties in PEO by nano-Dielectric
Spectroscopy

In the past few decades, the growing interest in soft matter and advanced materials have
driven an equally big necessity of having more effective microscopy techniques in order to get
access to the compositional characteristics of complex micro- or nano- structures. In this
respect, a series of methods that enable the unveiling of structural and compositional elements
of a surface were developed by means of Atomic Force Microscopy (AFM) 8. For example,
Peak-Force Quantitative Nanomechanical Mapping (PF-QNM) (see section 2.3.1), Scanning
Kelvin Probe Microscopy (KPFM), which is able to map a surface’s work function **°, and
infrared related AFM methods (IR-AFM), which are capable to relate the infrared absorption
fingerprints to the surface composition 160,

In the previous section, we demonstrated the effectiveness of broadband dielectric
spectroscopy (BDS) in studying the dynamics and charge mobility of PEO thin films.
Nevertheless, by only relying on the classical BDS experiment, the influence of the
nanostructure boundaries and interfaces on the dielectric signature cannot be directly assessed,
thus becoming a model-dependent aftermath. In fact, in section 3.2 we did not focus on the
special arrangement of the involved phases at the solid state, nor on how this affects the ion
mobility in the semicrystalline medium. As already reported in previous other works!61162 g
promising solution to register the dielectric signature of the PEO complex nanostructured
surface is the use of Electrostatic Force Microscopy (EFM) in the alternated current regime.
Following this idea, in this chapter we present a study aiming to get insight into ion transport
in PEO through nDS taking advantage of the EFM setup. Here, we are exposing a detailed
model of the nDS with the aim of demonstrating the consistency of the experimental
observations that we are going to discuss concerning the ion conductivity in the semicrystalline

polymer.

3.3.1 A model for nDS

In EFM, the lack of an appropriate model to directly link the AFM signal to the complex
dielectric constant still constitutes an important applicability limitation of the technique. The

existing models are derived by considering purely conducting substrates. In the case of
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dielectric samples, under the assumption of small film thicknesses, they are mostly arranging
the discussion without taking into account the possibility of more complex electrostatic
interactions occurrence between the probe and the surface 16318 sych as, as we will see, the
heterogeneity of the electric field in proximity of the tip due to electrostatic charge
accumulation. To provide a more consistent correlation between the signal in output from the
AFM and the local dielectric properties of a generic substrate, we elaborated a model of the
system starting from the probe-sample geometry and integrating previously adopted strategies

with a systematic study of the experimental setup.

In a local nDS experiment (non-scanning) the tip is lifted at a certain distance (z) from
the surface and a sinusoidal voltage (V) is sent to the circuit where the upper electrode is the
AFM probe and the bottom one is a flat grounded conducting substrate on which lays the sample
thin film (see section 2.3.1). As exhaustively explained in the upcoming section, the resulting
motion of the cantilever is well described by the damped harmonic oscillator. The electrical
force F, driving the oscillation, experimentally measured by the photodiode, provides
information about the probe-sample capacitance (eq. 2.6). The shape of the probe constitutes a
complex geometry, so it is convenient to model the probe-sample-capacitor as a sum of
contributions coming from different bodies of easier interpretation: the cantilever®, the cone(®,
and the apex(") separately (see Figure 3.12, eq. 3.3). By firstly considering the simpler case, for

a purely conductive substrate the following relations were proposed.
1 aC;
Fe(zwe)Tot == ZVOZ cos(Za)et) (Zla_zl) (33)

(i)  The apex contribution comes from its analytical expression, as read in eq. 3.4, derived for

a spherical capacitor of radius R attached at the end of the cone of angle 6 (see Fig. 3.11)
165

0Capex Rz(l—sin(e))
Lapex _ 5
0z €0 (2)(z+R(1-5in(6)))

(3.4)

(i)  The cantilever of length L, width W, and tilt angle (respect the sample plane) a, is modeled
as a plate. Then, we approximate the cantilever-sample capacitor to the plates geometry
with an extra-factor that takes into account the distortion of the electric field due to border
effects (BE)!01%7 (eq. 3.5).

9Ccantilever _ l Lw 1
0z =TEy (BE) (n) ((Z+H))2) <1+# tan(at”t)> (35)
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(ili) The geometry of the cone portion is given by the tip apex radius R, the cone height H and
the cone angle 8. The conical contribution to the force, expressed in eq. 3.6, is calculated

by integration over the force acting on the interested portion of the cone 167,

cos2(6)
0Ccone __ 21Ey H _ R G
oz o\ [n (Z+R(1—sin(9))) 1+ <Z+R(1—sin(9))) (3.6)
(ln(tan(;)))

A similar approach was followed by Hudlet et al. (without considering the cantilever
contribution) 1% and by Law et al. (without considering BE) 7 to resolve the force resulting
from a purely conducting grounded substrate. In their works, the authors proved the good
consistency of the model by verifying experimentally the results obtained on Si wafer. More
recently, the model was extended for the description of the force in presence of a thin dielectric
layer, opening the possibility to get quantitative information about the dielectric properties of a
sample in thin film geometry %4, Respect to the relations already seen for conducting substrates,
the model equations normally used to determine the local dielectric constant add an effective

extra distance to z depending on the thickness (h) and on the relative permittivity of the

dielectric layer (¢)as: z = z + % , in such a way to relate values of F, to & 13164 |t is important

to underline that such assumption is an approximation valid for % « R, that to say for effective

thicknesses small enough to not distort the electric field due to polarization effects. The validity

of the model was experimentally studied by Miccio et al. on PVAc thin films 1%,

In Figure 3.13(a), we report the data in F, ;) as a function of z acquired on a SiOx thin
film with thickness 200 nm and on a perfect conductor (Au), respectively. In the same chart,
the solid curves show the calculations performed by modelling the probe geometry parameters
of the tip (see Table 3.1) following eq. 3.4,3.5, and 3.6. As observed from the results, the model
describes well the behavior in the proximity of metals (Au), but it fails at short tip-sample
distances in the presence of a dielectric (SiOx). In particular, by strictly considering the above
presented equations and assuming a uniform electric field in the dielectric layer, we found that
the measured force at short distances increases faster than expected in the presence of a
dielectric of significant thickness. This occurs because the extra polarization charges
accumulated at the surface of the sample generate a contribution which affects the total force.

Then, considering this evidence, an extra term will be needed to describe the system for
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dielectric films when the condition %<< R does not apply. Therefore, in eq. 3.3 we should

consider four distinct contributions:

Zi% _ 0Cexcess + acapex + 9Ccone + aCcantilever (37)

0z 0z 0z 0z 0z

SAMPLE

Figure 3.12. Scheme of the probe-sample capacitor. The colored lines are a visual representation of the electric
field shape characteristic for the separated contributions to the total capacitor. Grey: cantilever; green: cone; red:

apex; pink: excess from the partially charged surface potential.

As we expect the extra charges to accumulate near the apex, the excess term shall
involve the apex force component. To model excess force, we considered that the surface charge

density generated by a point charge close to a dielectric surface and that close to a conductor

. . -1 . .
plane are different just by a factor ;—1 168,169 Moreover, this excess term should vanish for

§<< R and therefore we introduce an exponential decay for this limit. Following these ideas,

the evaluation of the excess force leads to:

OCoxcess _ (1 _ 6,%) (22 e (3.8)

0z e+1 0z

In Figure 3.13(b) we show the comparison of the experimental results on PVAc and SiOx films
(h =110 nm and h = 200 nm, respectively) and the curves evaluated using the above presented
approach. In both cases, we obtained a good agreement using the typical values of & for PVAc
(e = 3) and SiOx (¢ = 3.9). The calculations were performed starting from the characteristic
parameters of the used probe (typical values reported in Table 3.1). Values of cantilever length
L, cantilever width W, and cone height H were provided by the supplier. The cantilever tilt angle
atilt 1s the orientation of the probe holder respect with the sample surface, estimated to be = 30-
35°. The border effects BE, cone angle 60, and tip radius R were left as free parameters in the
fitting of the results on the conducting substrate. These parameters were fixed for all the

calculations related to the same probe. By changing the AFM probe, only a small deviation
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results from different specimen of the same type. The deflection sensitivity of the photodiode

was also left as a free parameter. As the deflection sensitivity usually undergoes small changes

with time due to laser misalignment from an experiment to another, it was not strictly fixed

even under the usage of the same tip, thus, it does not present one typical value. For this reason,

we did not report this parameter in Table 3.1.

Probe: HQ_DPE_XSC11

R Tip radius

(7] cone angle

H cone length

w cantilever width
L cantilever length

Qe cantilever tilt angle
BE border effect

b resonance frequency

K spring constant

~40%
~20 $
15*
30*
150 *
~30*
2-78%
150 *
7%

nm
0
um
um
um
0
/

Hz
N/m

Table 3.1. Parameters of the tip used for the validation of the model. (*) Nominal values provided by the probe

supplier. (*) Determined from SEM images of the probe. (¥) Determined by experiments on a bare conducting
substrate (R>=0.986).

Fe(zw (mV)

Figure 3.13. Results for a local nDS experiment on different substrates plotted as F,
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experimental parameters are shown in upper table 3.1. The continuous lines represent the predictions from the

model without (dashed lines, a) and with (solid lines, b) the excess contribution to the total electrostatic force.
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Based on our previous discussion, the postulations so far advanced forward a good
understanding of the forces acting on the probe in the conditions given by the nDS experiment.
On the other hand, what we are mostly interested in a broadband dielectric characterization is
the information related to matter dynamics or, in other words, the information bounded to the
dielectric losses of the material where generally a frequency dependent dielectric permittivity
Is present. Thus, it is important to note that in the above expressions € = €(w,), since F, is
determined using an electrical field varying at frequency w,. It follows that, for non-uniform
dielectric films, distinct & values should be considered for the different contributions of
cantilever, cone, and apex. However, for the contributions related to the tip apex, the local

values &,,.(w,) corresponding to a small area below the apex would be of relevance 126,

Before starting modeling the different contributions to the dielectric loss of a generic
sample, we need first of all to access that information from the experimental data resulting from
nDS. For a fixed frequency, in the case of a film where some dielectric relaxation occurs, the
oscillating electrical force will have two components each connected either with the real or with

the imaginary part of the capacitances appearing in eq. 3.3 (C*=C"-iC"). The one related with

the real part would drive the cantilever motion (with amplitude F, 4,4, & ‘%) whereas the other

one would correspond to a friction-like force since it will act out of phase (with amplitude

Fo prict aa%). Note that the loss tangent relates both C* with C" and F, 4, With Fe ¢yic¢, aS:

c" Fe frict
tan(6) = c’ =7 - Fe,frict = Fe,driv tan(d).
e driv

Assuming the probe motion during the local nDS experiment to be described by an
harmonic oscillation x(t) = A, sin(wt + ¢), any eventual shift in phase (¢) between the
oscillation of the probe and the sinusoidal exciting electric field at frequencies far below the
resonant frequency w, will be related to the dissipative forces acting on the probe. Finding the
connection between the dielectric losses of the dielectric film and such dissipative forces, would
therefore allow relating the complex dielectric permittivity of the film to the phase shift
registered by nDS 70,

Let’s write the equation of motion for the AFM probe under these circumstances:

Farip SIN@H _ ) 2 x 4 —Fi:liv' tan(8) cos(wt) + Xy = wo*Aariv Sin(wt) (3.9)

m

1

Being the resonance frequency w, = (%)E with m representing the mass and k the elastic

constant of the probe, respectively. A4, represents the amplitude of the probe oscillation in

73



Chapter 3

the zero-frequency limit and without friction (6 = 0). For the sinusoidal AFM probe

oscillation, the above equation can be rewritten as:
2 . .

— % sin(wt + @) + %tan(&) cos(wt) + sin(wt + @) = %sin(wt) (3.10)
0 0 0

If the AFM probe motion is approximately represented by that of a damped harmonic

oscillator, with a frictional force Fr,.;.c = —Ax(t), the corresponding equation would read as:
w? . w A . _ Adriv .
~od sin(wt + @) + o Zcos(wt + @) + sin(wt + @) = “ae sin(wt) (3.11)

from which we obtain:

[N

_ _ wl 1 _ 2 _ ,.2\2 wA\?)?
tan(p) = o —am and e ((a)o w)* + ( m) ) .

It follows that direct comparison of the two eq. 3.10 and 3.11 for ¢ = 0 yields to:

2 .
. Mwo“Agriv

- A= ”» tan(d) . Considering now a real AFM probe moving with a given friction
0

term A,, the nDS equation of motion in terms of a damped harmonic oscillator equation would

2
mw-Agriy

include an effective friction term: 4.7 ~ 4, + tan(d), which can be rewritten as:

1

2 riv A 2\2
Aefr = Ao + % ((a)02 - w?)?*+ (%) ) tan(§).

Using this effective friction, the motion of the AFM probe during the nDS experimental

conditions would correspond to:

N | =

~ @ _ 0™®
tan(¢eff) ~ (Wo2—-w?)m (1 + mZ(wOZ_wZ)Z) tan(&).
Since tan(g,) = —ﬁ we finally obtain:
o

tan(go) — tan(@esr) = (1 + tan?(g,))? tan(6)

tan(6) =~ tan(%)_tan(%{f) (3.12)
(1+tan2(¢y))?

Eq. 3.12 allows obtaining the phase angle &, characteristic of the capacitor formed by
the AFM probe and the dielectric film on a metallic substrate, as a function of the phase of the

oscillating AFM probe as determined on a reference loss-free surface, ¢,, and on the dielectric
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film under investigation, ¢.fr. For low values of the phase shifts eq. 3.12 can be further

simplified as:
8~ Qo= Perr (3.13)

According to eq. 3.13, one can directly estimate the dielectric loss of the material under
investigation by simply calibrating the system with a reference substrate, where the latter must
present no dielectric losses in the interested frequency window. § will be given by the difference

of the phases registered on the dielectric sample and a reference background.

3.3.2 Modelling the loss factor of the AFM system capacitor

To seek a connection between the loss factor of the AFM system capacitor and the
dielectric properties of the film, we want now to expand the discussion in order to model the
term §. We can describe the probe-sample system as an air-filled capacitor as that resulting in
the case of a conducting surface with capacitance C,, in series with the sample capacitor of
thickness h and complex dielectric permittivity *. The complex sample capacitance of the
dielectric film can be expressed as Cs = Cy (&' — i€’"), where C, is the capacitance of a dielectric

film of permittivity 1 (air capacitor), also known as geometrical capacitance. In this case, the
1

- 1 1 - . .
relation o +— applies, which can be transformed in:
A

Cog*
« . CawCs _ _Coe"
¢~ CA(Z)+C§‘ 1+g—g€* (314)
. . . . . 1 . 1\ M 1
Alternatively, introducing the complex dielectric modulus M* = ot follows (C—) ~—t+—
0 A
14 12}
and (l) ~ L Thereafter, tan(s) is given as:
C Co
&) _w
tan(§) = =7 = (3.15)

These approximations provide the link between the dielectric properties of the film and the loss

factor of the AFM capacitor. Eq. 3.15 already provides some empirical outputs: for very thin

1

films (& > 1), tand —» 0 < M""; vice versa (ﬁ K 1): tan s ~ 2L
Ca Ca M

To provide the solution for a general case, we now need to evaluate the term tan(8) for every

component (cantilever, cone, apex, and excess).
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For the excess contribution coming from the surface in proximity to the apex, we have not a

serial combination of sample and air capacitances and eq. 3.15 does not apply. Contrary,

*

tan(8) can be calculated directly from the expression of the full capacitance: C,ycess X iﬁ as:

ZM” 28”

(1-MN2-M""?* -1’

tan(8) = -

In the case of cantilever, cone, and apex calculations, it is convenient to consider the
above equations for a virtual dielectric film of permittivity 1. Under the previous
approximations, the capacitance can be calculated as a serial system that must coincide with the

capacitance calculated at a distance z 4+ h from a metallic surface:

1 11 1

Co  Ca(@)  Crot Calz+h)

. . . . C,
By using this approximation, we can calculate C—O as:
A

b (LD _ )" (3.16)

Ca Ca(z+h) o
without any reference to the dielectric material other than the film thickness.

Now let’s proceed with the evaluation of eq. 3.16 for each of the contributions to the
total AFM probe system capacitance. Adopting the plate geometry for the cantilever
contribution, it is possible to estimate C, .. '®as:

-1
Cheantitorer @) ¢ (H + ——+ z) (3.17)

2 Sin(atilt)

Thus, from eq. 3.16 we obtain: (ﬁ)

A

L
=~ (H+ —— .
cant ( + 2 sin(agige) + Z) /h

For the capacitance of a cone portion there is not a general expression, but it exists for
a metallic cone portion perpendicular to a conducting plane when the cone vertices meet the

plane itself 16°, A geometrical representation of such situation is provided in Figure 3.14.
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Figure 3.14. Scheme of the cone geometry.

_ 2meo(Ra—Ry)

In this case: Coone = :
In| —X
<tan(g)>

For the cone representing the tip of the AFM probe, R, ~ Htan(6),R; = R cos(f) and z, =

R (Sinl( 5~ 1). Therefore, the cone tip capacitance at this distance from the conducing

substrate is given by:

2meg(H tan(6) — R cos(6))

Capono(Z = 2¢) = (3.18)

The cone capacitance for other tip positions can be calculated approximately by means a first

. ac
order expansion around z¢ as: Cy_(2) = Cy_,, (2 = z.) — % (z, — 2).

where the coefficient —=== is given by the equation of the force contribution from the cone (eq.

ac,
0z

3.6) evaluated at z = z.. In this way we obtain:

( Co ) — _ Cacone(z=2c)

~ rac
CA cone (—g‘;ne—h—z+zc)h

For the conventional apex contribution, the analytical expression of the capacitance is

given by "%
Cagper (2) = 21€oR In (1 +R (“%““’))) (3.19)

which, when used in eg. 3.16, results in:
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o [pleez=) T
B

T z+h

Finally, using each term tan(8);(with i=cantilever,cone,apex,excess) in eq. 3.15, the

total tan(6) can be directly obtained as:

Zi(tan(5)i %)
()

where Ci have to be calculated according with eq. 3.4, 3.5, 3.6 and 3.8.

tan(9) = (3.20)

Model Validation

To validate the model, we acquired the nDS spectra on a thin film of PMMA (h = 120
nm) deposited on a Si wafer for three different z tip-sample distances, respectively 100 nm, 30
nm, and 20 nm. The sample was prepared by spin coating from a solution with concentration
of the polymer in Toluene equal to 20 mg/mL. PMMA was selected among other polymers as
a standard substrate because it presents a prominent -relaxation at room temperature in the
frequency range accessible to the technique. Moreover, due to the relatively high stiffness of
PMMA, errors arising from adhesion or plastic deformation during the acquisition of the force
curve needed to estimate the tip-sample distance are minimized, providing the possibility to

have higher accuracy in the calculation of z, also preventing the possibility of tip contamination
172
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Figure 3.15. a) Results for a local nDS experiment on Si and SiOx plotted as F, ;) against z in logarithmic scale,
experimental point (squares) and fit results (solid lines). b,c) BDS results (circles) and respectively HN fitting
(solid lines) at 28° C on PMMA in £* (b) and M"' (C).

Before proceeding with the calculation of the nDS spectra from the model, the
parameters of the tip were adjusted by fitting the data of the electrical force as a function of z
obtained on two standards, SiOx (h = 200 nm) and Si, with the same tip and setup employed
during the nDS experiment on PMMA. The results of the analysis are shown in Figure 3.15(a)

where, to better appreciate the fittings, a logarithmic scale was used to plot z values.

The spectra at 28° C of the bulk sample were obtained by BDS and shown in Figure
3.15(b,c). We selected this conditions in order to start our calculations from data acquired at T
slightly higher than room temperature, this because the local temperature at the AFM tip-sample
region during the nDS experiment can be higher compared to the surrounding atmosphere due
to the heating caused by the laser beam or other factors. By fitting the dielectric function to the

Havriliak-Negami model (eq. 1.28), we quantified a value of 7 = 1.35x10? s and

Agg, .= 1.79. The same values obtained by BDS of £'(f) and M*(f) were used to calculate

the expected nDS response on the PMMA thin film at different z-distances by means of eq.
3.20. Finally, we compared the expected values of & from the model respect to the experimental
data. Figure 3.16 shows the experimental data (discrete points) and the values of 6 calculated

following the model equations (solid lines) in the same plot. As we can observe, the
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superposition of the calculations with the experimental results is accurate, demonstrating the

good consistency of the proposed model for the case of PMMA.

0.8
= Calculation
0.7
®
e Experimental
0.6

0.5

° 04
0.3

0.2

Trrr|jrrrryrrrryrrrr|yrrrrrrrrorprrrr

0.1

0
001 014 1 10 100 1000 10* 10° 10°

Frequency (Hz)

Figure 3.16. Experimental nDS results on PMMA expressed as 6 vs frequency for different z-distances (discrete

points) and relative predictions from the model equations (solid lines).

As disposed by the obtained results, the peak in 6 for all the explored z-distances fairly
matches the maximum obtained in M"" by the BDS investigation of the bulk material. This
evidence remarkably proves the intimate connection between the imaginary part of the
dielectric modulus and the nDS local response of a material. By taking advantage of such result,
it is now possible to make predictions on the dielectric signatures from an nDS spectra
economizing any over-theoretical postulations, which would come particularly useful in those
samples of higher adhesion forces where the z-distance is often hard to esteem or control. To
conclude, the advantages of the proposed method are mainly arising from its power of
systematic description of the electrical forces and electrical losses acting at the tip-sample

interface, which opens the possibility to have a better prediction of what kind of response a
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sample could have in nDS just starting from its bulk BDS features. At the same time, the model

constitutes a step forward in understanding the physical meaning of d.

3.3.3 Charges dynamics in PEO complex nanostructure

To study the arrangement of the crystalline lamellae and their impact on the dielectric
properties of the semicrystalline polymer under investigation, we performed nDS AFM studies
of PEO spin-casted on a Si wafer substrate. In the first instance, we used a lower molecular
weight precursor obtaining isolated aggregates of the order of microns (or fractions of microns).
The nDS characterization of the lower molecular weight sample was carried out using
SCM_PIT V2 probe (R: 25 nm, H: 2.8 pm, W: 35 um, L: 225, fo: 75 kHz, k: 3 N/m). Due to
the lower viscosity of solutions obtained from low molecular weights, samples of PEO prepared
by spin coating from a diluted solution forms more likely dewetted-like microdomains, giving
the possibility to better distinguish singular lamellae or stack of a known number of lamellae
on the substrate. Keeping this in mind, we prepared a sample of PEO with a molecular weight
of Mw = 35 kDa from a 2.5 mg/mL concentrated solution in THF following the standard
procedure (see section 2.2). The resulting topography is presented in Figure 3.17(a). Here, we
can distinguish the flat surface of the Si wafer substrate (Ra < 1 nm) on which PEO micro-
domains grew independently as isolated aggregates, spaced one another several hundreds of
nanometers ( > 400 nm). As expected for PEO ultra-thin films (see section 1.5), the disposition
of the lamellae with respect to the substrate surface is preferentially flat-on, displaying no edge-
on domains in the portion of sample surface captured by the image. The height of the obtained
aggregates ranges between 20 and 60 nm with a number of lamellae constituting every separated
object between 1 and 4. Thanks to the convenient morphology of such sample it was possible
not only to image, but also to separately probe the dielectric response of areas with a known
disposition and number of lamellae. Moreover, the substrate is easily discernible at the surface
of the sample, opening the possibility to compare the results with the Si dielectric reference all
at once in the same environment. Figure 3.17(b) shows the phase shift & from the second
harmonic of the cantilever respect to the driving alternated sinusoidal electric field (of
amplitude = 6 V and frequency = 1 kHz) in lift mode, at a nominal height from the sample
surface of =~ 40 nm, using the substrate as a reference. Brighter areas represent zones of the

sample with higher dielectric loss at the selected frequency.
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Figure 3.17. Topography image acquired in PFT-AFM (a), phase_ii harmonic image in §*KHZ from lift (b), and nDS
results (c) of a PEO%KP2 microdomain isolated on Si substrate.

As observed from the nDS phase image, PEO aggregates always show an nDS signal,
which increases when increasing the height of the aggregate (at the selected frequency). To
further understand the involved dynamics and explain this evidence, we performed local nDS

experiments on selected areas of the surface. The spectra were collected by subtracting the
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phase registered for every frequency from the one collected on a reference sample of PVACc
(110 nm thick) with the same settings, known this to have no relaxations occurring at the given
experimental conditions 3. The results of the analysis are shown in Figure 3.17(c). The values
of  in all the explored frequency range is zero on the substrate (spots 1-orange and 5-purple)
excluding the occurrence of any dielectric relaxation. The spectrum from one isolated lamella
with thickness ~12 nm (spot 2-red) reveals the presence of one main contribution with the
maximum of the peak near ~ 1x10* Hz, the broadened shape of the signal suggests the presence
of a second contribution at lower frequencies masked by a more intense one. By increasing the
thickness of the sample up to 50 nm (spot 4-green) and 70 nm (spot 3-blue), corresponding
respectively to the stack of 3 and 4 lamellae, one can clearly distinguish two peaks, one at =
1x10* Hz and another at ~ 3x102 Hz. Hence, the sample displays two distinct contributions to
the dielectric function well separated in frequency; by increasing the thickness, the low
frequency contribution increases in dielectric strength while the second one slightly decreases.
We will refer now on to the peak at lower frequency as { and to the one at higher frequency as
&. At room temperature, PEO does not present any relaxation ascribable to segmental motion
or molecular contributions, meaning that the given peaks { and & in 6 must be related to

polarization phenomena or conductivity contribution to its dielectric function 4%174175,

To have more insights into the influence of conductivity on the dielectric function of
PEO a direct investigation of the bulk material is of fundamental importance, as a thick film
would present dielectric properties closer to the ones expected for thicker areas on the sample.
At this purpose, two different samples of PEO (with Mw=35 kDa) in different content of ionic
dopant were analyzed by BDS near room temperature, both having thickness of 0.1 mm. One
sample is pure PEO while the other is PEO doped with LiClO4 in a molar ratio between the
oxide specie on the polymer chains and cation Li* equal to Ox : Li* = 100 : 1. The relative
conductivity of the two samples measured by BDS at 1 Hz was found to be 1.6x10® S/cm and
1.7x10® S/cm respectively for the pure the doped specimen. The results from the BDS
characterization at 30° C are shown in Figure 3.18, where the real and the imaginary part of the

complex dielectric modulus M’ and M"" are also reported.
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Figure 3.18. Real and imaginary part of the complex modulus in commercial and Li* doped PEO on samples
with thickness equal to 0.1 mm.

The commercial and the doped precursors both reflect the typical characteristics of PEO
for which we can clearly distinguish one peak in M"" 1'%, The maximum of the peak is ~2.8x10?
Hz for the commercial and ~1.2x108 Hz for the doped one. In the study case, the maximum in
the imaginary part of the modulus provides information about the characteristic relaxation time
1, of the ionic hopping *""1"8 which is directly linked to the bulk conductivity mechanism
following the semi-empirical relation in eg. 1.29 and 1.30, defining the transition region from
dc to ac conductivity. From the obtained results we conclude that an increased conductivity
leads to a shift toward higher frequencies of the peak in M"" of PEO, meaning that changes in
conductivity also should result in a change of dmax from nDS experiments on ultra-thin films,

for which we remember it is valid the approximation tan(é) «< M" (eq. 3.15).

These outcomes provide an important starting point for the understanding of the results
shown in Figure 3.17, where the two signals detected do not undergo any change in & by
changing the sample thickness, but a change in intensity was observed instead. For a fixed ionic
conductivity, the contribution of the dielectric function of pure PEO to its nDS response should
account for the Maxwell-Wagner-Sillars interfacial polarization process at the
amorphous/crystalline interfaces %2, On the other hand, a different ion mobility could be
expected from an adsorbed interfacial layer in proximity of the substrate 1"817°_In this scenario,
the total modulus M,,; (given in eq. 3.23) can be derived from the reciprocal of the dielectric
constant resulting from the PEQ?ds°red/pEQPUk hilayer once known the volumetric fraction ¢

of the adsorbed layer (of volume V) respect the total volume (Vo =V, + Vipix)-
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Va

¢= VatVbulk (3.21)

_ Ea Epulk
Etot = ) eat(@enun (3:22)
Mot = Mo (@) + My (1 — ) (3.23)

In this approximation, the total contribution to the spectrum in & is proportional to M, for a
purely adsorbed monolayer of PEO. When the thickness of the sample increases, the
contribution of the upmost bulky material increases until reaching the situation in which 6

depends on the bulk properties only as lirré M;or = My - 1t follows that the two processes
(p—)

and & correspond to distinct relaxation phenomena linked to the ion hopping in different states
of the matter: the upturn of { above & as the number of stacked lamellae increases is a
consequence of an increased contribution of a bulk-like ionic transport. Regarding the adsorbed
layer at the interface with the substrate and described by the &-process, we registered a higher
value of ., resulting in an improved conductivity respect to the bulk material. We envisage
that such an increase in conductivity can be explained by two assumptions: i) the adsorbed layer
does not present crystalline objects obstructing the ionic coordination to amorphous PEO &,
if) the number of impurities in proximity of the surface is higher, leading to a higher ion

concentration in the adsorbed layer 8.

To complete the study about the inhomogeneous ion transport in the considered
semicrystalline system, an analysis of a pristine continuous thin film of PEO at high molecular
weight (thickness h = 120 nm) was performed by AFM both in its structural and nano-dielectric
properties. The sample was obtained by spin coating on Si wafer a 20 mg/mL concentrated
solution in Toluene of PEO with molecular weight Mw=100 kDa, the Mw value was selected
to allow coherence with the BDS study proposed at the very beginning of the chapter (section
3.1). The AFM characterization was performed by means of an HQ_DPE_XSC11 AFM probe
(Table 3.1).

Figure 3.19(a), shows the topography of the sample’s surface as acquired by PFT-AFM
in proximity of a zone displaying both flat-on (example: green arrow on image) and edge-on
(example: blue arrow on image) lamellar disposition respect to the substrate (Si) plane. The
topography of the sample returns the classical PEO patterns, with a mean roughness Ra=6.6
nm?*8218 In Figure 3.19(b) we reported the nDS amplitude from the second harmonic for an

applied electric field of 6 V and 1 kHz with sample-tip separation (z-distane) of 40 nm. Brighter

85



Chapter 3

areas in the image correspond to higher electrical forces F, y» SO then higher values of ¢, that

(Cwe

we attribute to higher local ionic conductivity (eq. 1.27) .

100.0 nm

5%y 0 4000 10 100 1000 10° 10°
Frequency (Hz)

Figure 3.19. AFM characterization of PEO thin film (h = 120 nm): images from the height (a), the
amplitude"-namonic () and the § (c) channels. The typical spectrum in & on a random spot of the surface is also

shown (d).

As expected, a higher conductivity was detected in proximity of zones at the border of
the crystals boundaries, demonstrating a more effective ion transport in the amorphous fraction
of the material. Interestingly, a neat lower value of the electrical force was registered on edge-
on lamellae, evidencing an anisotropic transport with respect to the orientation of the crystalline
fraction. As already mentioned in section 3.1, the ion transport in PEO is dominated by
interfacial polarization at the interphase with the crystalline lamellae (that to say in the presence
of amorphous zones), then the lower conductivity in specific zones of the surface can be related
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to both a more prominent MWS polarization or a lower effective ionic concentration. To shed
light on the possible mechanism responsible for such heterogeneity, we reported in Figure
3.19(c,d) the nDS & characteristic for the studied surface, acquired in the middle of the image.
Firstly, we specify that the dielectric spectra, acquired in the chosen frequency window, did not
undergo any important change in shape for different spots probed both upon flat-on or edge-on
domains, meaning that the t, characterizing the nature of the polarization is not structure-
dependent but a bulk parameter'®?, An example for a local nDS experiment at tip-sample
distance z = 30 nm is reported in Figure 3.19(d). As we can appreciate from the spectra, and
unlike the previous case (Figure 3.16), only one process manifests; this is in line with our
discussion for which by increasing the film thickness up to a certain threshold the contribution
to the dielectric function arising from heterogeneity at the sample-substrate interface is
neglected, and only C is observed. As expected, the {-process is more intense in the amorphous
domains due to a higher ionic coordination to the PEO segments, generating preferential

conducting paths in the material 18184,

At this point, the highlight from the & image is the higher magnitude of the relaxation
on flat-on lamellae respect to the edge-on ones. This fact leads to the conclusion that, if the
nature of the relaxation is the same, the results evidenced a less dense charge fluctuation in the

parallel direction of the lamella.

Polarization Conductivity

(_Emuuunmmmuuuum\

&

Figure 3.20. A sketch of the interfacial polarizations phenomena and ion channels with respect to the direction of
the lamellae in the material in the presence of a hypothetical electric field meant to be in the same direction as the

arrows in each independent case.
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3.4 Summary

In the first part of this chapter, we were able to determine the melting dynamics of
semicrystalline polymers starting from the investigation of the dielectric properties of PEO,
also revealing the charge transport dynamics in the material both in solid and at the liquid
transition. The results revealed a strong dependence of the charge transport regime with the
polymer nanostructure, this being mostly determined by the arrangement of amorphous and
crystalline domains in it. At this point, we employed nDS to directly visualize such domains
and to address their specific contribution to the charge transport dynamics; but before
processing the nDS results, it had been necessary to model the AFM apparatus under the
experimental conditions. Then, a model was developed and verified experimentally, enabling
the precise characterization of the interfacial polarization processes occurring in PEO as long
as the heterogeneous ion conductivity in the semicrystalline polymer. Finally, the results
showed the preferential conducting paths as ion channels located in the amorphous part and the
preferential orientation of the interfacial polarization processes with respect to the lamellar

disposition.

The aim of this thesis is the investigation of the complex nanostructures given by
polymeric precursors and the impact they have in determining the resulting physical properties
at the base of their final applications. In this sense, we already provided in this chapter a
comprehensive understanding of the complex nature of semicrystalline polymers and its impact
on charge transport dynamics. In the following chapter, we are going to focus our attention on
another transport phenomenon displayed by a certain class of polymers: electronic conduction.
In particular, we are going to see how the nanostructure of an intrinsically conducting polymer,
PEODT:PSS, affects the transport properties of the material, also providing effective

methodologies to take advantage of it in order to tune the final electrical response.
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Fabrication and nanoscale properties of tailored PEDOT:PSS nanostructures

4.1 Introduction

PEDOT:PSS is an electrically conductive polymer presenting tailorable transport
properties %2, transparency to visible light 18, and physicochemical stability . Moreover, it
can be readily prepared as a thin film. Figure 4.1 presents the morphology of a PEDOT:PSS
thin film, spin-casted onto an ITO substrate. The AFM topography images, at 3 magnification
levels, show that the polymer forms a continuous surface, coating the whole support. The
resulting film is far from flat, presenting a mean roughness of 3.5 nm. This result is expected
due to the intrinsic nanostructured nature of PEDOT:PSS, composed of nanoparticles in the

water dispersion, as introduced in section 2.1 and references therein.

25.0 nm

v e

400.0 nm

1.0 ym 100.0 nm

Figure 4.1. AFM topography images of a PEDOT:PSS thin film with different magnifications.

The excellent properties of PEDOT:PSS as well as its ability to form polymer thin films
allowed this material to find applications in organic solar cells ¥, supercapacitors %, organic
light-emitting diodes °, and sensors %, In the recent years, the fabrication of precise
PEDOT:PSS nanostructures have permitted the modification and enhancement of the resulting
polymer properties 120191193 “in turn, leading to boosted applications %2, Moreover, the
modification of the particles’ dimensions and/or shapes could give to the material new bulk
properties and extend the possible applications, especially in the field of nanostructured devices,
where the conformation of the electrical contact at the nanoscale is fundamental 2%,

The fabrication of precise nanostructures of conducting polymers has been widely
studied for both fundamental research and potential applications 2°22%, In the particular case of
PEDOT:PSS, it is crucial to have control over the superficial nanostructure of the polymer for
most of its applications, since the hierarchical arrangement of PEDOT and PSS components
dictates the resulting properties. Then, an increasing attention in finding reproducible and
economic ways to tailor PEDOT:PSS nanostructures has awaken recent interest in the scientific

community in order to develop advanced nanostructuring techniques and methodologies. In this
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area of research, intrinsically conducting and semiconducting polymeric nanospheres captured
the attention of the scientific community in the past few years 2427, Recently, PEDOT
hollowed nanospheres were synthesized by Zhang et al. for applications into electrochromic
systems 2%, The results showed that, for nanospheres with diameter around 100 nm, the ion
transport in the material was promoted, with respect to the denser and more compact bare
PEDOT, underling the importance of tuning the dimensions of the particles for in PEDOT-
based system. This finding highlighted the importance that the control over the nanoparticle

dimensions of the active layer has in systems such as supercapacitors.

On the other hand, several authors have focused on modifying the PEDOT:PSS surface
properties, as its work function and electrical/thermoelectrical response, while leaving mostly
unchanged its surface morphology. For example, the removal of the free PSS phase that
connects the PEDOT:PSS rich grains in the thin film geometry allowed to increase the thin film
electrical conductivity 2°-?11 without important impact on the surface topography. For this
purpose, many solvent-based methods have been largely used, mostly employing high boiling
point polar molecules as ethylene glycol (EG), dimethyl sulfoxide (DMSO), or
dimethylformamide (DMF), as well as other liquids as alcohols, sorbitol and acids 2'2. Also, the

use of other molecules has allowed to tune the polymer’s work function 213216,

In this Chapter, we propose two different approaches to tune the resulting PEDOT:PSS
properties and physical behavior: the modification of the nanoparticles’ size and the selective
modification of the surficial interface. The two different nanostructuring strategies allowed us
to modify the electrical properties of the substrate also providing important insights about the

transport properties occurring in the resulting materials.
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4.2 Fabrication and local properties of
PEDOT:PSS nanostructures

4.2.1 PEDOT:PSS nanospheres

PEDOT:PSS nanospheres were prepared following the reprecipitation method. This
method is a solvent-displacement technique that relies on crashing out hydrophobic polymer
chains in solution by displacing a solvent with a non-solvent, generally water 1%, The polymer

solvent and the non-solvent must be miscible with each other, as in the case of water and EG.

(a) PEDOT:PSS solution in ethylene glycol
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Figure 4.2. Scheme showing the PEDOT:PSS nanospheres’ fabrication process. (a) Strategy to dissolve
PEDOT:PSS in EG. (b) Fabrication of PEDOT:PSS nanospheres by reprecipitation. (¢) Casting of PEDOT:PSS

nanospheres for physical studies.

93



Chapter 4

The scheme in Figure 4.2 presents the overall process of PEDOT:PSS nanospheres
fabrication. The first step in the fabrication of these nanostructures was the dissolution process
of PEDOT:PSS in EG (Figure 4.2(a)). This process was optimized by a solubility test, as
detailed in the following lines. 100 puL of the commercial PEDOT:PSS dispersion were drop-
casted on a Teflon plate. The dispersion was left in a vacuum oven (pressure < 10-1 bar) for 2
hours at room temperature to allow water evaporation. Then, the sample was transferred to a
higher vacuum chamber (pressure < 10-4 bar) and left overnight (~16 h) at room temperature,
in order to evaporate all possible residual water. After this throughout drying process, we
obtained a brittle dark blue homogeneous film. 1 mg of solid PEDOT:PSS was obtained from
the dried film and re-dispersed in 1 mL of EG by stirring the solution over weekend, at room
temperature. Afterwards, the mixture was heated to 130° C, under continuous stirring, and the
temperature was kept for different times: 30 minutes, 1 hour, 3 hours, and 5 hours. The
PEDOT:PSS dissolution process was followed by eye inspection and DLS measurements
(Figure 4.3). Our experiments showed that 3 hours was the optimum dissolution time, as it was
the limit before microaggregates in solution started to appear, as observed in the DLS results.
The progressive precipitation of the polymer with time can be related to internal PEDOT and

PSS dissociation at temperature near 120° C, which can alter the hydrophilicity of the

compound 27,

40 b
35'_ ——1t
| ?
0}
25| 6

Intensity (%)
[N)
o

~u
.
. ! < Y
v »
e e VAN VA Ve VA ST P ONTINTNIIY ¥ T T T
S vvvvvvvvvvevv vV RRRZ L L LA RRRRRRRRRR)

Diameter (nm)

Figure 4.3. (a) Photographs of PEDOT PSS solutions in EG, after 30 min, 1 hour, 3 hours, and 5 hours. (b) DLS

measurements of the PEDOT:PSS solutions as a function of time.

For the nanospheres preparation, the PEDOT:PSS solution in EG was injected into 10

mL of H20 using a syringe, at room temperature and under stirring (Figure 4.2(b)). Immediately
afterwards, we performed a DLS measurement to check the PEDOT:PSS structure in the
dispersion (Figure 4.4(a), squares). The results showed that the reprecipitated PEDOT:PSS
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dispersion was composed of features reaching a Z-average value of 160 nm in diameter. This
result represented an increase in about a factor 3 compared to the diameter of the as received
PEDOT:PSS dispersion (Figure 4.4(a), triangles). Also, the relative width of the distribution
was narrower for the reprecipitated sample, compared to the commercial PEDOT:PSS. These
results showed that the reprecipitation process allowed the fabrication of customizable

nanostructures, different in size from the original dispersion with a better size dispersion.
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Figure 4.4. (a) DLS results as intensity as a function of feature diameter: commercial PEDOT:PSS (triangles),
PEDOT:PSS nanospheres (squares), purified PEDOT:PSS nanospheres (circles). (b) UV-Vis results: commercial
PEDOT:PSS (triangles) and the purified nanospheres (circles). The UV-Vis data is shown as 1 point of every 5

measurements.

After reprecipitation, we carried out the following purification process. The EG
molecules still present in the resulting aqueous dispersion were removed by dialysis against
water. The dialysis process was carried out in a 2 L H2O reservoir, with continuous water
changes throughout 48 h. Then, to remove any possible micrometric aggregates, we filtered the
dispersion with a PTFE filter (0.2 um pore size). The obtained purified dispersion was measured
again by DLS (Figure 4.4(a), circles). Now, the observed unimodal distribution of sizes had a
Z-average value of 120 nm in diameter, indicating a small decrease when compared to the
sample prior dialysis. This decrease could be related to the expel of residual EG, which was
previously swelling the polymer. The width of the distribution did not show any changes,
remaining narrower than the commercial product. Different tests showed that the final diameter
of PEDOT:PSS nanospheres prepared following this protocol ranged between 90 to 130 nm.
These diameters were comparable to those reported for other conducting polymer nanospheres
218 as poly(3-hexylthiophene) 2°>%1°, PCDTBT 2%, and poly(p-phenylene ethynylene) 2L,
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As recently reviewed by E. Gutiérrez-Fernandez et al., one of the most direct strategies
for the preparation of nanospheres using functional polymers require the use of polymer
solutions in water-miscible solvents, with low boiling points 2°’. However, in the case of
PEDOT:PSS, this approach is limited because of its bad solubility in most of commercial
solvents with these requirements. Another option to dissolve this polymer is to exploit the
PEDOT:PSS high affinity to polar high boiling point solvents, as EG and DMSO 2%, For
example, the interactions between PEDOT:PSS and EG, results in a new molecular
conformation of PEDOT and PSS, imposed by the solvent molecules after specific treatments
223224 This fact has led to a sensitive enhancement of the intrinsic conductivity of the polymer
225226 Thanks to such polymer/solvent affinity, it was possible to dissolve the PEDOT:PSS in
EG, opening the possibility to manufacture nanostructures directly from solution and finding

new possible applications.

In order to characterize the optical properties of the purified PEDOT:PSS nanospheres
dispersion, we performed UV-Vis measurements. Figure 4.4(b) shows the obtained spectra for
the commercial PEDOT:PSS product (triangles) and our prepared nanospheres (circles). We
observed that after reprecipitation, the UV-Vis signal showed some changes. For example, the
characteristic bipolaron absorption band at around 800 nm was comparable to the one found for
the synthesis of PEDOT:PSS using SCNPs 2" and enzymes 228, were good electrical transport
properties were measured in the obtained solid-state films. Moreover, the lack of UV-Vis
absorption peaks around A = 600 nm and the plateau observed for A > 900 nm, indicated that
nanospheres preparation process by reprecipitation did not alter the PEDOT chains oxidation
state 2% nor resulted in pronounced chemical modifications of the PEDOT:PSS complex 2023,

Film formation and solid-state properties of PEDOT:PSS nanospheres.

Figure 4.5 shows the morphology of solid-state PEDOT:PSS nanospheres, obtained
after drying the purified aqueous dispersion following two different deposition processes
(Figure 4.2(c)). Figure 4.5(a) shows a representative AFM topography image of the so-called
Sample 1, which was obtained directly from the obtained PEDOT:PSS nanospheres dispersion.
In this case, we observed well-defined and isolated PEDOT:PSS nanospheres, with a mean
diameter of ~140 nm and typical height of ~50 nm. These geometrical differences indicated
that possible interactions with the supporting substrate during the drying process affected the
final solid-state morphology. The AFM images also showed that the topography of the free
surface surrounding the nanospheres matched the expected characteristics of ITO (mean
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roughness ~ 3.8 nm?®). This observation indicated that the concentration of the purified

aqueous dispersion was not high enough to allow film formation.

Figure 4.5(d) presents the resulting surface morphology of the so-called Sample 2. In
this case, prior deposition, the purified nanospheres dispersion was concentrated using a rotary
evaporator (T = 25 °C) starting with a 10 mL volume, until the content decreased down to ~0.5
mL. Afterwards, the obtained concentrated dispersion was drop casted onto an ITO substrate.
As presented in Figure 4.5(d), the concentration process allowed to coat the ITO surface,
forming a continuous nanostructured film. The surface morphology was characterized by
aggregates of solid-state PEDOT:PSS nanospheres, resulting in a surface roughness of ~8 nm.
By scratching the obtained film, AFM measurements allowed to determine a typical film
thickness of 100 nm.
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Figure 4.5. 1x1 um? dynamic nanomechanical properties of solid-state PEDOT:PSS nanospheres determined by
AFM. (a,d) Height. (b,e) Young’s modulus. (c,f) Surface deformation.

In Sample 1, the nanospheres showed Young’s modulus (E) values varying between 1-
2 GPa, accompanied by a deformation of 5-6 nm (Figure 4.5(b,c)). Sample 2 (Figure 4.5(g,f))
presented fairly similar Young’s modulus and deformation values, comparing to the isolated
nanospheres. This result indicates that the film formation process did not alter the PEDOT:PSS

nanospheres mechanical properties.
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Based on the mechanical contrast maps, comparing the prepared nanospheres with a
pristine PEODOT:PSS thin film (see Appendix), we observe a softening of PEDOT:PSS when
confined in the spherical geometry. To better support this outcome, we acquired force-
separation curves for PEDOT:PSS nanopsheres and PEDOT:PSS from the commercial
solution, obtained by the force spectroscopy technique. We note to the reader that the force-
separation curves were captured on top of the nanospheres, in order to avoid any possible impact
of nanostructure geometry on the mechanical properties’ determination, as previously discussed
in the literature 2*3, The obtained results from this quasi-static approach are summarized in
Table 4.1; from these experiments we can observe that Sample 1 and Sample 2 possess similar
mechanical response and both samples are softer compared to spun cast thin film. These
observations supported the results obtained from the nanomechanical maps. Going into detail,
we quantified a stiffness decrease in the PEDOT:PSS nanospheres of over 50%, from 20 N/m
to 8 N/m. As expected, this was accompanied by a higher indentation depth, of about a factor
2. Finally, the Young’s modulus, was calculated by fitting eq. 1.12 to the retract data in the 10
— 90% total force range. We observed a decrease of E from 3.4 GPa to 2.1 GPa, comparing the
thin film with the PEDOT:PSS nanospheres.

Sample Stiffness (N/m)  §; (hm) E (GPa)
Sample 1 8+1 2+1 21+03
Sample 2 9+3 2+1 21+05
PEDOT:PSS thin film 20+5 09+03 34038
PEDOT:PSSgaytron p?3 - - 26+14

Table 4.1. Quantitative nanomechanical results, obtained from force spectroscopy measurements. E indicates the
Young’s modulus, and §; the tip-sample indentation depth. The results are shown as mean value and standard
deviation, obtained from at least 6 measurement points. For nanospheres, the force curves were taken at the top of

the sphere. A comparison with the E value as found in literature was also reported 234,

Our nanomechanical results were in line to those previously reported for other
PEDOT:PSS nanostructures. For example, different authors reported that PEDOT:PSS ultra-
thin films (thickness < 100 nm) presented Young’s modulus values ranging between 1 - 2 GPa
120.235. the same range as the one obtained for our PEDOT:PSS nanospheres. Diaz et al. reported
a size-dependent stiffness reduction for PEDOT:PSS films, using AFM-based contact
resonance measurements 2%, In that work, the authors suggested that the softening was related
to a different structural arrangement of the PEDOT and PSS chains in the thinner samples. This
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idea was line with the fact that PEDOT has a lower E compared to PSS, as reported by different
authors 237238 and discussed by us in the Appendix. Following these reports, the observed
softening of our PEDOT:PSS nanospheres should relate to a different distribution of PEDOT
and PSS in the resulting nanospheres after reprecipitation. In this scenario, the modulus

decrease would indicate a PEDOT enriched outer shell in the prepared nanospheres.

Finally, we explored the electric transport properties of the prepared PEDOT:PSS
nanospheres. For these studies, we have focused on Sample 2 in view of the following technical
limitation. Since the electrical properties determination required scanning in contact mode, we
observed that during the scanning of Sample 1 the isolated nanospheres were swept away by
the probe. When extremely small forces (<< 1nN) were used, contact mode scanning was
possible without sweeping the structures. However, the probe-sample electrical contact was not

adequate to guarantee a proper conductivity measurement, resulting in non-reliable results.

a 20

Height “400.0 nm

Figure 4.6. C-AFM experiments on PEDOT:PSS nanospheres. (a) Sample 2 topography. (b) Sample 2 1-V curve
at the position indicated in panel (a), the electric data is shown as 1 point every 20 measurements. The continuous
line represents the linear fit from which the conductivity was calculated. The lines represent the linear fits for the

circles (continuous line) and square (dashed line) data.

Figure 4.6(a) shows the 1-V response of the PEDOT:PSS nanospheres coating at two
different probed areas, indicated by the labels NS1 and NS2 and the distinct symbols on Figure
4.6(b). We emphasize to the reader that, considering the experimental setup and sample
preparation procedure, the 1-V measurements account for out-of-plane electronic transport
phenomena. In Figure 4.6(b), both I-V curves show a linear trend, indicating that Sample 2
presents an Ohmic conductivity behavior; however, the NS1 region shows a clearly steeper
slope. From a qualitative point of view, this results indicate that the PEDOT:PSS nanospheres
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composing the film preserve the good electronic transport properties of the original material.
Going into quantitative details, from the I-V curves we were able to obtain different
conductivity values depending on the probed area. In fact, as the measurement point was higher
in topography, the higher was the obtained conductivity. For example, the highest probed point
of Sample 2 (NS1) presents a conductivity of ~2 S/cm, while the lowest one (NS2), results in a

~10 times lower conductivity of ~0.3 S/cm.

The impact of particles’ size on the electric conductivity in PEDOT:PSS thin films

In order to understand how the fabrication process and confinement effects might
influence the PEDOT:PSS nanospheres electronic transport, and to contextualize our results,
we compared the nanospheres’ electrical properties to those shown by PEDOT:PSS. The films
resulting from PEDOT:PSS precursors normally provide continuous coating at constant
thickness. For these reasons, we compared the nanospheres’ electrical properties to those shown
by regular PEDOT:PSS thin films at different thickness using the same C-AFM setup. The
results and discussion of the analysis on the pristine material is presented in the Appendix. In
Table 4.2 we compare the conductivity values of the PEDOT:PSS thin films with the prepared
nanospheres. Here, we observe that the NS1 (solid square) and NS2 (solid circle) regions show
a lower conductivity, compared to the thin films. For example, by interpolating the results
presented in Figure 4.6, the conductivity of NS1 would correspond to that of a thin film of ~40
nm, while the NS2 region to a thin film of ~20 nm.

Thickness (nm) Conductance (1/M2) o (S/lcm)
430 10+7 (9 £ 6)-10!
225 9+7 (5 £ 3)-10!
75 (NS1) 1.1+03 1.8+05
55 5%3 64
50 (NS2) (1.4 +0.3)-101 (1.5 +0.3)-10"
20 (7 £6)-10" (3+2)-101

Table 4.2. Conductance and conductivity values of PEDOT:PSS thin films for different thicknesses.

Since the coordination of EG to PEDOT:PSS normally increases its conductivity 822,

the results shown in Table 4.2 indicate that there were no EG traces still coordinated to the
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prepared PEDOT:PSS nanospheres, in an amount big enough to increase their electrical
conductivity over those presented by as casted thin films. Then, we envisage that the reduction
of the electrical conductivity in Sample 2 should be related to the different particles size respect
to the commercial material. Then, for bigger nanoparticles, the 1D confinement has a more
pronounced effect on the out-of-plane conductivity. Putting together the nanomechanical and
nanoelectrical results, our studies indicated that PEDOT:PSS nanospheres fabricated by a
reprecipitation process resulted in good mechanical and electrical properties, yet with a

different arrangement of PEDOT and PSS units compared to the one shown by thin films.

4.2.2 Surface nanostructuring of PEDOT:PSS thin films

For the fabrication of solvent-structured PEDOT:PSS surfaces we explored two
strategies. First, for fast solvent exposure, we spin casted a drop of THF onto the PEDOT:PSS
thin films. Here, a drop of solvent coated the whole material surface, forming a meniscus, and
spinning started immediately afterwards. Second, for long solvent exposure, we carried out
solvent vapor annealing (SVA) treatments, following the protocol explained in section 2.2. The

polymer pristine thin films were subjected to solvent vapors for different times.

Nanostructure formation by exposure to THF

Figure 4.7(a,b) shows the surface topography of a PEDOT:PSS thin film obtained from the
commercial PEDOT:PSS water dispersion, without any further treatment (pristine sample,
thickness = 400 nm). The surface morphology is in line with those previously reported for
PEDOT:PSS thin films 22323%-241 \where dried PEDOT:PSS has been described as composed by
highly conducting PEDOT:PSS grains, each coated with a thin shell of PSS 241242 Al the
determined structural features for the PEDOT:PSS sample are summarized in Table 4.3.

101



Chapter 4

Sample t, h <R, > R, _up hp D;

Pristine -- 3.4+0.2nm
PEDOT:PSS-ST «1min 400+10nm 3.0+0.2nm 1.0+x0.2nm 18+2nm 220 +50 nm
PEDOT:PSS-LT 10 min 23+1nm 05+£02nm 30+10nm 0.8-3um

Table 4.3. PEDOT:PSS structural features, as determined by AFM measurements. In this table, t is the exposure
time, h the film thickness, < R, > the overall roughness (whole film), R,_,, the roughness of the upmost layer,

hp the depth of the inclusions, and D; the diameter of the inclusions.

Figure 4.7(c-f) shows the surface structure of PEDOT:PSS after two different THF

treatments, i.e., short and long solvent exposure times (t.). Samples nanostructured by a short
exposure to THF (t. < 1 min), were prepared by spin casting a drop of THF onto pristine

PEDOT:PSS thin films. We found that the surface topography was affected by the fast
interaction with the solvent, as shown in Figures 4.7(c,d). In this sample, from now on called
PEDOT:PSS-ST, we observed the formation of randomly distributed holes on the PEDOT:PSS
surface. These inclusions have a typical diameter of ~250 nm, and depths of ~18 nm. No
changes in the film thickness were detected and the overall film’s roughness (< R, >) was
about 3.0 nm. Moreover, by taking a closer look to the AFM topography images, we observed
that the PEDOT:PSS granular structure could not be distinguished anymore on the highest areas
of the surface (see green arrows in Figure 4.7(c)). This observation can be further appreciated
by comparing Figures 4.7(b and d) and their respective cross-sections. We confirmed the
observations by calculating the roughness of the upmost layer (R,_,p) of PEDOT:PSS-ST,
which resulted in typical values of ~1.0 nm, i.e., ~70% lower when compared to the pristine
PEDOT:PSS sample (Table 4.3).

Even if a fast exposure of PEDOT:PSS thin films to THF results in a nanostructured
surface, we must highlight two observations that hinder its application as structuring strategy.
First, the observed changes are not homogeneous throughout the whole film surface, since
different areas of the material present different features. This fact can be related to an
inhomogeneous distribution of the solvent on the polymer surface during spinning. Second, the

resulting structures change dramatically only by small variations of the spin coating process.

Comparing our results with previous works, we found that there are several reports
dealing with the use of different solvents to tailor and tune PEDOT:PSS properties 24324, In
most cases, the works have used high boiling point solvents, as EG 24246247 DMF 246 and

DMSO 243-24 or alcohols as ethanol or methanol 247248, In these reports, the authors did not
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observed the formation of well-defined nanostructures, as the ones obtained in our current work
using THF. However, most authors reported some changes in the surface roughness that, in
some cases, allowed a better adhesion of further layers during final device fabrication 2%,
Moreover, these high boiling points solvents allow tuning the PEDOT:PSS electrical properties,
in most cases enhancing the electrical conductivity of the polymer. Nonetheless, an improved
electrical conductivity is not the unique factor to consider when tailoring PEDOT:PSS for final
applications 242492%0 For example, Liu et al. were able increase the transport properties of
PEDOT:PSS thin films by spin casting EG, DMF, and/or DMSO 245, However, the authors
observed that the treated films, with enhanced conductivities, lead to poorer device performance
in perovskite-based solar cells. In fact, in their work, the authors determined that by inserting a
thin layer of non-conducting PSS between the PEDOT:PSS and the perovskite films allowed
improving the final device behavior, since PSS allowed a better perovskite adhesion and film
formation 2#624°, In our work, exposure of the PEDOT:PSS thin film to THF vapors also allows

its controlled nanostructuring, as presented in the following lines.

150.0 nm

150.0 nm

Height 200.0 nm

250 500 75 1000 250 500 750 1000 1 2 3
X (wm) X (um) X (um)

Figure 4.7. AFM topography images of PEDOT:PSS thin films treated with THF: (a,b) pristine sample, (c,d) after

short interaction times (t.<< 1min), and (e,f) after long interaction times (t. = 10 min). A topography cross-section,
taken at the center of each image, is presented below each figure.

Figure 4.7(e,f) shows the topography of a PEDOT:PSS thin film after a long exposure
to a saturated THF atmosphere (t. =10 min). We will refer to this sample as PEDOT:PSS-LT
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from now on. Here, the sample was subjected to an SVA treatment that allowed a good control
of exposure time (see section 2.2). As shown by the AFM topography images, the long exposure
to THF vapors results in a further surface nanostructuring, compared to PEDOT:PSS-ST. Now,
the PEDOT:PSS surface is characterized by clearly defined micrometer-sized domains, as if the
holes observed for short times keep on increasing due to the influence of the THF vapors. These
domains’ depth is about 40 nm (%2 deeper), while their diameter ranges between 0.8 — 3 um
(up to %10 larger, compared to PEDOT:PSS-ST). The characterization of different samples of
PEDOT:PSS-LT, revealed that the domains do not always show a regular circular geometry
and they present a typical depth of 30 £ 10 nm. Inside these features, there are other nanometric
structures, as islands with typical diameters of 250 nm and varying heights (Figure 4.7(f)). No
changes in the film thickness were detected, as measured from the upper layer, indicating that
long exposure to THF vapors does not result in film dewetting. Finally, the upmost layer of this
sample presents again an extremely low roughness value (R,_,, = 0.5 nm), even lower to those
found for the flat areas of PEDOT:PSS-ST.

7 min 30 min 60 min

(e)

40.0 nm 700.0 nm

Height 1.0 pm

X (um)

70.0 nm 700.0 nm

Height 1.0 ym Height
50 300
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Figure 4.8. AFM topography images of PEDOT:PSS thin films nanostructured by SVA. A topography cross-
section, taken at the center of each image, is presented below each figure.

Furthermore, we explored how SVA exposure at different times allows to prepare

different nanostructures on the PEDOT:PSS surface. When using t, <10 min, a similar problem
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to that found for spin casting was observed: although surface nanostructuring is possible, the
formed features are not reproducible. For example, Figures 4.8(a,b) show two PEDOT:PSS thin
film treated by SVA for 7 min where particularly different features were formed. For longer
treatment times, t. > 10 min, homogeneous surface nanostructuring are achieved. However, for
exposure times of 30 and 60 min, the < R, > increases dramatically to values ranging from
30-70 nm. In these two cases, AFM images (Figures 4.8(c-f)) show the breakage of the upper
part of the PEDOT:PSS thin film, forming now separated islands of 50 — 300 nm in diameter
and ~40 nm of height, for a 30 min treatment. Interestingly enough, after 60 min of solvent
exposure these aggregates reach an almost homogeneous size distribution, with diameters and
height of 150 nm and 40 nm, respectively. Moreover, for these two cases we observed
spherulites in random areas of the films, covering micrometer sized areas of about 4 pum in
diameter, and 200 nm of height. Finally, it is worth highlighting that the observed structural
rearrangement does not result in film dewetting, but in a thickness reduction. In particular, we
were able to quantify a film thickness of ~300 nm for 30 and 60 min SVA treated films, as
measured from the homogeneous surface outside the crystalline domains down to the

supporting ITO substrate.

Previously, different SVA strategies were used to modify and enhance the behavior of
PEDOT:PSS thin films 22, In most cases, the reported works have focused on tailoring the
electric and thermoelectric properties of PEDOT:PSS using DMSO vapors 25%2%, However,
only a few reports have focused on the SVA impact on surface topography and nanostructure
formation, where most investigations have pointed out the separation of PEDOT from PSS after
solvent exposure. For example, Xu and collaborators observed the formation of smooth and
uniform film morphologies after exposing PEDOT:PSS thin films to DMSO vapors for up to
60 min 2, The authors associated this structure to the fusion of the PEDOT:PSS grains, which
in turn reduced the tunneling distance between molecules and led to enhanced conductivities.
Also, Yeo et al. 245252 showed that SVA of PEDOT:PSS thin films, using DMSO for up to 120
min, resulted in an homogeneous surface topography with a fairly low roughness of 0.38 nm.
This value is comparable to the R,_,, calculated for PEDOT:PSS-LT in our present study (0.5
nm). In their work, the authors associated this topography to the formation of an enriched-PSS
layer on the top surface of the SVA-treated films, i.e., a vertical PEDOT/PSS phase separation
took place due to solvent exposure. This PSS segregation towards the surface allowed preparing
PEDOT:PSS anode films with enhanced conductivities and tunable work functions 2%,
However, none of these research works show the possibility of using a SVA strategy to
efficiently nanostructure PEDOT:PSS samples, as in our present study. Then, in order to
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understand the nature of the different structural phases of the PEDOT:PSS-LT sample, we have

investigated its physical properties.

Transport properties of nanostructured PEDOT:PSS thin films

Figure 4.9 shows the nanoscale electrical transport properties of PEDOT:PSS-LT. In
particular, Figure 4.9(a) shows the topography of the sample, as obtained from C-AFM
experiments. We observed that the scanning process does not result in damage to the surface,
under the applied normal force conditions. Figure 4.9(b) presents the electrical current map
(electrical current), in a binary color scheme. There, green areas denote electrically conducting
areas, while black areas show non-conducting areas of the sample. For this binary approach,
we selected a current cutoff of 100 pA. This idea allowed highlighting those areas which
electrical current values are comparable to those reported for pristine PEDOT:PSS 23, The
electrical current map of PEDOT:PSS-LT is heterogeneous, i.e., only some parts of the sample
present an electrical current flow directly ascribable to the pristine material. In other words,
solvent exposure leads to the segregation of conducting domains. As shown in Figure 4.9(b),
the electrical conducting regions are composed of a collection of conducting spots, in line with
previous reports for PEDOT:PSS thin films 120122257258 Tg |ink the relations between the
formation of surface nanostructures and segregation of conducting domains, in Figure 4.9(c)
we present a compound topography/electrical map. Here, the green shading over the
topography image indicates those areas showing electrical current above 100 pA. By this
approach, we were able to determine that the bottom phase of the PEDOT:PSS-LT sample is
the only one showing electrical current flow comparable to pristine PEDOT:PSS. On the
contrary, both the upper phase and the spherical islands present current values well below our
cutoff limit, indicating that these zones do not allow electronic transport under our evaluation
conditions. Using the electric current maps, we were able to calculate a typical conductance of
~0.5 nS, a value on the same order of magnitude to those found previously for PEDOT:PSS

using C-AFM electrical mapping %32,
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Figure 4.9. Nanoelectrical properties of PEDOT:PSS-LT, as determined by C-AFM experiments. (a) Topography.
(b) Electrical current map. Green areas indicate electrical current values above 100 pA. (c¢) Compound
topography/current image. Green shading denotes regions of the sample with current values higher than 100 pA.
(d) Current-voltage characteristics (I-V curves) performed by C-AFM experiments on two spots of the
PEDOT:PSS-LT sample (see triangle and circle in Figure c). Green continuous line in Figure d is a linear fit to the

data (circles only). The data shown for Figure d are presented as 1 point each 200 captured datapoints.

To further prove the preferential disposition of the charge carriers at the bottom phase
in PEDOT:PSS-LT, we performed AFM scattering-Scanning Near-field Optical Microscopy
(s-SNOM) experiment in collaboration with the group of professor R. Hillenbrand (CIC
NanoGUNE BRTA, 20018, Donostia-San Sebastian, Spain). The experimental setup and
conditions details can be found in the published version of this work as Sanviti et al., Polymer,
246,(2022) 2. Interestingly, we observed a strong contrast between the lower and upper phases,
indicating that they had distinct infrared reflectivity so then different electrical conductivity.
From the contrast maps, it was possible to address a higher charge carriers concentration to the
lower phase, confirming and validating the consistency of the C-AFM results.
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In order to provide a precise measure of the conductivity of the different phases
composing the PEDOT:PSS-LT sample, we performed I-V measurements at the distinct
regions. Figure 4.9(d) shows the obtained results at two representative spots of the samples.
The top phase of PEDOT:PSS-LT shows a response characteristic of a dielectric material, as
observed from the black triangles in Figure 4.9(d). On the contrary, at the bottom phase displays
a linear I-V relationship (open circles in Figure 4.9(d)). A conductivity of 3.1 £ 0. 1 S/cm for
the bottom phase of PEDOT:PSS-LT was calculated. For direct comparison, we measured an
I-V curve on a pristine PEDOT:PSS thin film, with the same instrumental setup from which a
conductivity of 2.5 £ 0.1 S/cm was calculated. This result evidences that the bottom phase of

PEDOT:PSS-LT preserved the good electronic transport properties of the pristine polymer.

Further nanoelectrical experiments allowed to evaluate the disposition of the upper
PEDOT:PSS-LT phase and its penetration onto the thin film volume. In this case, we detected
the variation of the conductivity along the film thickness by using a controlled penetration of
the AFM tip into the sample, as summarized in Figure 4.10.
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Figure 4.10. (a) AFM topography image of a selected PEDOT:PSS-LT area. (b) I-V curves on the PEDOT:PSS-
LT sample before (triangle) and after (circles) nanoindentation. In both cases, data is shown as 1 every 20 points.
Green line shows a linear fit to the circles. (c) AFM topography image of the same PEDOT:PSS-LT area after
nanoindentation. Below the image, a height cross-section is presented, taken at the center of the print left by
nanoindentation.

Going into detail, in an arbitrary spot on the upper layer of the PEDOT:PSS-LT sample,
indicated by the red circle in Figure 4.10(a), we measured an I-V curve at the usual conditions.
At this initial point, the corresponding I-V spectra showed the non-conducting behavior of the
upper phase just discussed. We progressively increased the force setpoint between the tip and
the surface, acquiring an |-V curve at every step. When the normal force was increased above
~300 nN, an ohmic |-V curve was obtained, with a resistance of = 2.3 MQ (Figure 4.10(b)),
indicating that we penetrated the surface deep enough to reach a conductive path. The obtained
resistance was fairly similar to that of the bottom phase of PEDOT:PSS-LT, previously
presented. After this experiment, a topography image was taken to evaluate the indentation
depth necessary to reach the conductive material (Figure 4.10(c)). We found that the imprint
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left after the indentation experiment had a depth of 40 nm; a value comparable to the average
thickness of the upper phase (see vertical cross-section in Figure 4.10(c)). Our nanoindentantion
results thus confirmed that the PEDOT:PSS-LT upper phase does not reach the bottom of the
film, but only forms a covering sheet of a few tens nanometers, leaving a PEDOT:PSS volume
below it. In other words, the bulk properties of the PEDOT:PSS thin film below the surface are
not affected by the proposed solvent-structuring strategy. The formation of distinct phases, each
one presenting particular electrical properties, is not surprising. In fact, the induction of periodic
surface structures on semiconducting polymers ""269261 as well as on PEDOT:PSS 2, can lead

to the segregation of conducting regions.

The zero conductivity of the upper phase of the PEDOT:PSS-LT sample, can be related
to different possibilities based on the rearrangement of the PEDOT and PSS phases due to
solvent exposure. First, as already discussed, the non-conducting phase could be related to a
vertical PEDOT/PSS phase separation. Under this idea, a pure PSS layer on the top of the
PEDOT:PSS-LT film would provide a “dielectric spacer”, hindering electronic transport.
Second, instead of being a pure PSS layer, the upper phase could just be a PSS-rich layer where
the PEDOT to PSS ratio is below the minimum required to allow the percolation of the
conductive polymer grains into the electrolyte matrix, i.e., 1 PEDOT unit for every 6 PSS chains
for a Baytron P type 2. In fact, the high conductivity of PEDOT:PSS is mostly related to its
charge carriers density, which is governed by the PEDOT chains 263?54, Then, as a third
possibility, the non-conducting behavior of the PEDOT:PSS-LT upper phase could be related
to a lower doping level onto the n-n conjugated system along the PEDOT chains, due to
differences in the oxidation state of the PEDOT, from its polaron/bipolaron state to a neutral

state 213-216

Identification of PEDOT/PSS phases in nanostructured PEDOT:PSS thin films

To further understand the chemical nature of the PEDOT:PSS-LT phases, we performed
new experiments. Figure 4.11 shows compound topography/electrical maps for PEDOT:PSS-
LT samples, after washing using distilled water. On one hand, Figure 4.11(a) shows the results
after spin casting a drop of water onto a PEDOT:PSS-LT sample. On the other hand, Figure
4.11(b) shows the results after immersing a PEDOT:PSS-LT film into a water reservoir, at room
temperature, for 10 seconds. We tested these ideas by following the work of DeL.ongchamp and
collaborators, who observed that these protocols would allow removing PSS-rich areas, with
negligible PEDOT loss 2. As presented in Figure 4.11, our AFM studies show that no
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morphological or electrical changes take place after either treatment. This important result
indicates that the upper layer of PEDOT:PSS-LT should not be composed by free PSS chains

exclusively.
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Figure 4.11. Compound topography/electric maps of PEDOT:PSS-LT film after (a) spin casting a H2O drop, and
(b) immersion into a H,O bath. On both images, green shading indicates regions with current detection above 100
pA.

These facts are furthermore supported by the nanomechanical investigation of
PEDOT:PSS-LT. Figure 4.12 shows compound topography/mechanical modulus maps for
pristine PEDOT:PSS (Figure 4.12(a)) and PEDOT:PSS-LT (Figure 4.12(b)). The pink areas in
these maps denote zones where the Young’s modulus values are above 2.7 GPa. This modulus
cutoff allowed identifying areas richer in PSS, as previously reported for pristine PEDOT:PSS
thin films 17237 In Figure 4.12(a), we observe a homogeneous PSS distribution throughout the
pristine thin film. However, the PEDOT:PSS-LT sample shows a distinctive nanomechanical
phase separation. In particular, E values above the threshold, indicating PSS presence, are
preferentially located at the bottom phase of the film with a disposition comparable in shape
and density as in the pristine case. On the contrary, the upper phase is mostly characterized by

a slightly lower E, which would be indicative of PEDOT-rich areas, as reported before ',

111



Chapter 4

~ 200.0 nm

Height + Modulus (pink pixels)

400.0 nm

Figure 4.12. Nanomechanical results, as compound topography/modulus maps, for pristine (a) PEDOT:PSS, and
(b) PEDOT:PSS-LT. Pink shading refer to zones on the sample were the Young’s modulus values were higher
than 2.7 GPa.

Our nanoscale studies point out that the upper phase of PEDOT:PSS-LT must be rich in
PEDOT chains. However, considering its low conducting properties, the surface chains should
be composed by neutral PEDOT chains (PEDOT?). On the contrary, the nanoscale properties
of bottom phase remain fairly similar to those of a pristine PEDOT:PSS thin film. This latter
fact indicates that at the conducting areas of PEDOT:PSS-LT, the PEDOT chains remain in the
doped polar/bipolaron state (PEDOT*/?*), stabilized by the presence of PSS counterions *%. In
other words, our results show that exposure of PEDOT:PSS to THF enhances the mobility of
the polymer chains, which allows a vertical phase segregation from the granular PEDOT:PSS;
in such a way a PEDOT? sheet forms at the surface. A similar vertical phase separation has
been observed by Yeo and collaborators, where the segregation of PSS was caused by DMSO
exposure 2%, as already discussed. However, with the use a low boiling point solvent, the
PEDOT chains preferentially move towards the surface, forming a discontinuous covering

sheet.

The presence of a PEDOT? layer at the top of the nanostructured thin films can be
interesting for potential applications of the material, for example for tuning its optoelectronic
266,267 and thermoelectric properties 21°2%6, This is related to the fact that a PEDOT? sheet would
allow to modify its surficial work function and hole transport properties 2%8. Finally, we point
out that our strategy allowed a fast fabrication of nanostructured surface domains on
PEDOT:PSS thin films, just by a controlled solvent exposure. The obtained samples showed
distinct conducting areas at its upmost surface, while leaving unchanged the nanoelectrical
properties of the volume. This result opens the possibility of developing further solvent-based
fabrication strategies able to tailor the structure and properties of PEDOT:PSS.
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4.3 Summary

By the work presented in this chapter, we were able to quantify the morphological,
mechanical, and electrical properties of different nanostructures prepared starting from an
intrinsically conducting polymer. We proposed two main methods to act on the nanostructure
conformation of the system. On one hand, we changed the nanoparticles’ dimensions and the
arrangement of the phases defining their composition while, as a second approach, we used a
solvent-structuring technique to selectively modify the surface of the thin films, both in

conformation and oxidative state.

The nanoscale measurements indicated that the PEDOT:PSS nanospheres fabricated by
reprecipitation preserve good mechanical properties. We envisage that there is different
arrangement of PEDOT and PSS domains in the nanospheres respect to the commercial
precursor, likely related to an enrichment of PEDOT onto the external shell of them. More
importantly, out of such characterization we demonstrated that the shape and dimensions of the
nanoparticles of PEDOT:PSS does not affect the conductivity as much as the intrinsic
formulation of the conductive polymer. In other terms, type and amount of the coordination of
PEDOT to PSS in the PEDOT:PSS rich phase, defined by its original synthesis conditions or
eventual post treatments, remains the main factor to be considered in order to tune the
conductivity of PEDOT:PSS. Finally, the change in size of the particles leads to a change of
the finite-size effects in PEDOT:PSS thin films: from the obtained results, for bigger
nanoparticles we envisage a more pronounced decrease of the conductivity by reducing the

thickness.

Solvent-structured PEDOT:PSS thin films were fabricated by exposing the material to
controlled THF vapors. Spin casting THF onto the polymer thin films allowed a first approach
into nanostructure fabrication. However, the method proved to be not reliable to ensure
homogeneity and good reproducibility. On the contrary, subjecting the films to a saturated THF
atmosphere, by SVA, allowed the fabrication of controlled nanostructured PEDOT:PSS
surfaces. The obtained samples showed distinct conducting areas at its upmost surface, while
leaving unchanged the nanoelectrical properties of the volume. A combination of nanoscale
methods allowed to determine that the exposure of PEDOT:PSS to THF vapors resulted in a
vertical phase separation of the PEDOT and PSS components. In particular, we proved that the
PEDOT chains moved preferentially towards the material surface, forming a discontinuous
covering sheet. This surficial film, of 30 nm in thickness, was preferentially composed of
neutral state superficial PEDOT chains. This PEDOT? chains would allow to modify its surface
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work function and hole transport properties, opening the possibility of new applications of

nanostructured PEDOT:PSS as optoelectronic and thermoelectric material.

Another option adopted in the past few decades to effectively tune the PEDOT:PSS
properties has been the blending of the polymer with other non-conducting substrates 2%°. One
of the main routes used for this purpose is blending PEDOT:PSS with soft polymers such as
poly(acrylic acid) (PAA), PMAA 20 poly(vinyl alcohol) (PVA), and PEO 2%-273 which are
able to provide to the final product higher stretchability and, in some cases, improved
conductivity. In this scenario, blends of PEDOT:PSS and PEO have been extensively
investigated in view of their application to organic mixed ionic-electronic conductors
(OMIECs) 274275 In chapter 3, we investigated and discussed the ionic conductivity
properties of PEO while, in this chapter, we delved into the physical properties of PEDOT:PSS
in different conformations and nanostructural arrangements. In order to conclude our study
about the charge transport and physical properties in complex polymer thin films, in the
following chapter of this thesis we are presenting the characterization of PEDOT:PSS/PEO
blends in thin film configuration, trying to put emphasis on their reciprocal influence at the

micro- and nano-scale.
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PEDOT:PSS/PEO blend thin films: mechanical and electrical properties at the nanoscale

5.1 Introduction

PEDOT:PSS/PEO blends already showed considerable potential in the panorama of
electronic devices not only due to the extremely good stability and compatibility 2°, but also
for their promising electrochemical and electrochromic properties 2427, In fact, the high ionic
conductivity of PEO can fasten up the electrochemical turnover kinetics of the couple
PEDOTY/PEDOT", improving the resulting active electrode efficiency. Therefore, these find
several possible applications in flexible electronics, such as electrochemical transistors (ECTS)
217 supercapacitors (SCs) 278, or electrochromic devices (ECDs) 2’°. However, even if we count
several works about the influence of PEO and PEG on PEDOT:PSS 23280282 in most of them
either the PEO concentration is low and used as additive when prepared in thin film geometry
by spin-coating or, for higher concentrations, the bulky material is mostly prepared by drop-
casting. The fact that PEDOT:PSS derivatives are extensively used in thin film configuration
in many of their application fields, makes extremely convenient the study of such materials in
thin film configuration 23270283284 |t js well known that each of the different processing
methods has an important impact on the phase separation, crystallinity, and properties of the
final system 2828 |n this context, the present chapter focuses on the study of structure
transition mechanisms (phase separation and crystallization) of spin-coating PEDOT:PSS/PEO
blend thin films over the entire range of compositions at different length scales. Special
emphasis has been devoted to the influence of structural changes on mechanical and electrical
properties at the nanoscale, as well as their dependence on the molecular weight of PEO.
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5.2 Topography
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Figure 5.1. AFM topography images of PEDOT:PSS/PEQ*% blends at different weight ratios of PEOQ*%: (a)
PEDOT:PSS, (b) PEO%®-10, (c) PEO*%-20, (d) PEO*%-40, (¢) PEO*®-50, (f) PEO*%-60, (g) PEO*™-80, (h)
PEQ*00-90, (i) PEO*% (250 mg/mL). Below each image, a height cross-section is presented. These z vs x plots

were calculated at the center of each topography image, as exemplified by the dashed line in panel (a). Below:
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graphical representation of the surface roughness (j) and the thickness (k) of the PEDOT:PSS/ PEO*% blends as
a function of PEQ*6% content. The triangle corresponds to the pristine PEDOT:PSS.

Figure 5.1 shows AFM topography images of PEDOT:PSS/PEO*% plends, with
different compositions (X/Y). The samples are labeled by PEOM"-Y wt%, where Y is the PEO
content in the blend, expressed as the percentage in weight. The same nomenclature applies for

PEQ?00%_pased blends, discussed in the following sections.

For all the investigated samples except for the PEO*%, we observed continuous
polymer thin films, with varying roughness and thicknesses. In general, as PEO*®% content was
increased, the film thickness and roughness values increased as well, as shown in Figures 5.1(j
and k). Going into detail, the thin films’ thicknesses increased almost linearly from 55 nm for
pure PEDOT:PSS (Figure 5.1(a)) to 195 nm for PEO*%-90 (Figure 5.1(h)). The pure PEQ*%®
(18 mg/mL) sample presented a heterogeneous thickness with partially dewetted zones, for this
reason a sample with higher concentration (250 mg/mL) was prepared in order to obtain a
continuous coating with a thickness of ~500 nm (Figure 5.1(i)). It is interesting to point out that
an important feature of these blends is their coating properties. As we have shown, the
composition of the aqueous mixture precursor strongly affects the resulting thickness of the
deposited film. In fact, from these results, we can assume that the addition of a small amount
of PEDOT:PSS to pure PEO* importantly improves its coating efficiency from water

solutions.

The typical surface topography of pristine PEDOT:PSS is presented in Figure 5.1(a)
259,287.288 \where we can recognize a regular surface composed of homogeneously distributed
PEDOT:PSS nanoparticles of relatively small dimensions (~ 50 nm). As we can see in Figures
5.1(b,c), PEO*%-10 and PEOQ*-20 also show regular surfaces but, compared with pristine
PEDOT:PSS, the roughness of the thin films containing 10% and 20% of PEO%% is
significantly higher (almost doubled, see Figure 5.1(j)). This behavior has been already reported
for systems where PEDOT:PSS was doped by small amounts of high-boiling-point additives
or PEO with different molecular weights 28128 Increasing the amount of PEO* in the
investigated blends leads to a bilayer morphology. This is the case of PEQ*%-40, where a top
layer with dendritic morphology and a thickness of about 15 nm is clearly discernable at the
surface of a bottom layer (Figure 5.1(d)). As described in section 1.5, the formation of such
dendritic domains is typical of semicrystalline ultra-thin films 8, also observed in PEO blended
with amorphous polymers 2822 For a concentration up to 50% (Figure 5.1(€)) an almost
continuous surface is observed. Samples with PEO*% content higher than 50% present
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homogeneous surfaces with different morphologies as shown in Figure 5.1(f, g, h, and i).
PEO*® (Figure 5.1(i)) shows the characteristic crystalline lamellae morphology mainly
perpendicular to the sample surface. In sample PEO*¢%-90, a coarser crystalline lamellae is also
observed at the surface and PEDOT:PSS appears as interspersed particulate among them
(Figure 5.1(h)).
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5.3 Internal structure and phase separation

In order to investigate the internal structure and the possible phase separation of the two
components in the PEDOT:PSS/PEQ*® blend thin films with different compositions, we report
the results from GIWAXS experiments. Figure 5.2 shows the 2D GIWAXS patterns of blend
thin films at different weight ratios of PEO*®, Samples PEO*%-10 and PEO*®-20 (Figure
5.2(b, ¢)) present an amorphous halo superposed to the PEDOT:PSS scattered intensity while
all the other patterns present PEO reflections 2°! indicating that samples with a PEO*% content
of 40% and higher are semicrystalline. As indicated by the weak reflections of Figure 5.2(d),
the degree of crystallinity is very low for sample PEO*%-40. Nevertheless, the result confirms
the presence of a certain degree of crystallinity at the surface of PEQ*%-40, even though the
intensity in the GIWAXS pattern resulted poor due to the discontinuity and the extremely low
thickness of the superficial dendritic layer. Exceeding a concentration threshold in PEQ* up
to 40%, the crystallinity of the blends increases with increasing PEO*% content (Figure 5.2(e,
f, g and h)). It should be pointed out that the pure PEO*® (obtained from a solution with
concentration 18 mg/mL) shows a pattern with very weak reflections (Figure 5.2(i)) due to its
reduced thickness and the presence of dewetted regions, as it was observed by AFM
measurements. It is also interesting to mention that the 2D patterns of PEO*% and PEO*%-90
(Figure 5.2(i, h)) are composed of several ring-like reflections. This indicates a powder-like
arrangement of crystallites, in good agreement with the typical spherulitic morphology of bulk
samples 2°! and in agreement also with the AFM topography observed in Figure 5.1(h and i),
corresponding mainly to edge-on lamella. The 2D GIWAXS patterns for samples PEQ#6%°-50,
PEO*%-60 and PEO*-80 (Figure 5.2(e, f and g)) are quite different compared to those for
PEO*% and PEO*%0-90. In particular, the pattern corresponding to PEQ*%°-60 displays several
localized thin reflections with reduced angular distribution. These results would reveal a
preferred orientation of crystalline domains induced by a templating effect of PEDOT:PSS,
suggesting crystallites with high aspect ratio and flat-on orientation 2°2. Our discussion, along
with previous studies %, attribute the presence of this preferential lamellar orientation to the
formation of semicrystalline ultra-thin films at the surface. The flat-on lamella configuration in
sample PEO*%-60 is also supported by the morphology observed in Figure 5.1(f) and by the
low surface roughness measured (Figure 5.1(j)).
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Figure 5.2. 2D GIWAXS patterns of PEDOT:PSS/PEQ* blends at different weight ratios of PEOQ*%, obtained
with an incident angle ¢=0.2° : (a) PEDOT:PSS, (b) PEQ*%-10, (c) PEO*%-20, (d) PEO*%-40, (e) PEO*-50,
(f) PEO*%-60, (g) PEO*%0-80, (h) PEO*%-90, (i) PEO* (18 mg/mL). Main reflections are indicated in panel
(d). The white arrow in pattern (a) indicates a scattering intensity coming from the Silicon substrate and present in

all the patterns.

To examine the nature of the two layers observed for sample PEO*6%-40 (Figure 5.1(d)),
GIWAXS patterns with different incident angles, «i=0.1°, 0.2° and 0.3°, were obtained. Figure
5.3 shows the 1D GIWAXS intensity profiles obtained azimuthally integrating the 2D patterns
through a broad g range avoiding the Silicon reflection (white arrow in Figure 5.2(a)), after the
subtraction of a blank containing contribution from the air. While the intensity profile obtained
with 0=0.1° presents the two main reflections of PEO 2°1:2% the one obtained with ¢;i=0.3° does
not present those reflections. This result could be explained considering that for «i=0.1° we are
probing the surface of the sample and increasing the incident angle («i=0.3°) we are probing
the complete thickness of the sample. Moreover, it could suggest that the sample is composed
by two different layers due to phase separation, a PEO*6% upper layer growing on top of a
PEDOT:PSS layer. In order to corroborate this hypothesis, we have performed C-AFM and
Quantitative Nanomechanical Mapping (QNM) for probing the different electrical and
mechanical properties of both materials respectively.
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Figure 5.3. 1D GIWAXS intensity profiles as a function of the modulus of the scattering vector g, for sample

PEO*%-40. The profiles were obtained at different incidence angles, as indicated. The main PEO* reflections
are labeled.
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5.4 Mechanical properties
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Figure 5.4. Nanomechanical maps for PEDOT:PSS, PEQ*%-20, PEQ*-40, PEOQ*®-60 and PEQ* (250
mg/mL): Height (z), stiffness (k), and tip-sample adhesion force (Fagn). Below each image, a height cross-section
is presented. The dotted lines presented for PEDOT:PSS maps exemplify the cross-section direction.
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Figure 5.4 reports stiffness and adhesion maps as well as the characteristic topography
of some representative samples (PEDOT:PSS, PEQ*%-20, PEO*%-40, PEOQ*%-60, and
PEO%%), First, we observe a higher stiffness and adhesion for pure PEOQ* compared to
PEDOT:PSS thin film. Also, for PEO*%, we can recognize the crystalline lamellae frontiers as
elongated thin stepped lines in its topography profile. In the same sample, similar features are
visible from the stiffness and the adhesion contrast maps matching with the topography profile.
We ascribe the contrast in mechanical properties in such zones to the different properties of
amorphous and crystalline PEO 2%, The magnitude of such a difference can be only
qualitatively appreciated due to the coincidence with topography steps in proximity of the

amorphous domains, that can alter the apparent mechanical response in AFM 32,

Samples with a PEO*% content up to 20 % show homogeneous and very similar
mechanical properties, with a stiffness slightly lower, to that quantified for pure PEDOT:PSS
(Figure 5.4). On the other hand, as previously introduced in the topography characterization,
for the intermediate concentration case of PEO*%-40 a more heterogeneous surface was
observed. Taking advantage of the AFM topography image in Figure 5.4(PEOQ*%-40), and of
its relative cross section, it is possible to distinguish an upper layer with a step ~ 15 nm, which
is in agreement with the result shown in Figure 5.1(d). By comparing the height image and the
stiffness image in Figure 5.4(PEO*%-40), we can clearly distinguish zones with different
mechanical properties at the surface of the sample. More specifically, we were able to
distinguish two populations with different stiffness distributions corresponding to an upper
layer and a lower one. The difference in stiffness between the upper and the bottom layer is ~
4-5 N/m, which is about the 30% of the mean value obtained from the whole image (15 N/m).
As we know that in this study PEOQ*6% js stiffer than PEDOT:PSS, from a first evaluation, the
QNM analysis suggests that the upper layer is PEO*® rich while the lower one is PEDOT:PSS
rich. The GIWAXS and AFM mechanical mapping both point towards the fact that a
semicrystalline PEO*% upper layer is growing on top of a PEDOT:PSS layer.

Even though it has been reported that in drop cast PEDOT:PSS/PEO films with microns
of thickness, the stiffness decreases with increasing the PEO content up to a 10% 2822% relying
on the obtained nanomechanical results, we envisage an increase in stiffness with the PEQ*%
content. We believe that the decrease in stiffness at low concentrations is due to the miscibility
of components in the blend at these compositions, which inhibits PEO crystallization. At the
same time, the trend in the mechanical properties of the system taking into account a wider
concentration window, points out an increase in stiffness as the crystallinity of the blend
Increases.
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5.5 Electrical properties

Conductive-AFM was used to characterize the electrical response and the configuration
of the conducting paths in PEDOT:PSS/PEOQ*® plend thin films. By this technique, it was
possible to acquire the electrical conductivity perpendicular to the film surface, which is of
particular relevance to reveal the electrical properties of conductive thin films in view of their

applications in electronic devices 7.
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Figure 5.5. Nanoelectrical maps (height and electric current) for PEDOT:PSS. PEOQ*%-10, PEO*%-20 and
PEO*%-40. Histograms were calculated using all data points presented in the current maps (>65000 points). Cross-
sections were taken at the middle of the maps (see example for PEDOT:PSS).

Figure 5.5 shows contact mode AFM topography and current images recorded
simultaneously by applying a constant sample bias of 500 mV. Histograms and cross-sections
of the electrical current are also presented. Among the analyzed PEDOT:PSS/PEQ*® blends
thin films, we were able to detect an electrical signal only in samples with a PEO*% content
lower or equal to 40%: the conductivity lowers by increasing the amount of PEQ*%, until
finally reaching values below our detection limit. Therefore, PEO*%-40 shows the lowest
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conductivity that we could estimate from the conductive thin films in the here discussed set of
samples. The current map of pristine PEDOT:PSS thin film shows homogeneously distributed
PEDOT-rich and PSS-rich nanodomains. In particular, the bright areas on the images represent
the conductive domains attributed to the PEDOT-rich regions, while the dark areas the
insulating domains attributed to the PSS-rich zones, this pattern is in accord with previously
reported for this material 122242257 The current maps of PEQ*%-10 and PEO*%%-20 thin films
present a similar scenario compared to pristine PEDOT:PSS, having a homogeneous
distribution of conductive and insulating nanodomains, but the average electrical conductivity
decreases by increasing PEO* content. This behavior indicates that PEDOT:PSS/PEQ*6%
blend is miscible in this range of compositions, and PEO*% molecules distort the conducting
paths of pristine PEDOT:PSS, resulting in lower conductivity 2’1, The current map of PEQ*6%-
40 presents two well defined regions: a dielectric upper layer on top of a conductive layer.
Combining QNM, GIWAXS and C-AFM results, we can assume that for PEO* content at
least in the range 40% to 60% we obtain bilayer samples with an almost continuous
semicrystalline PEO*®-rich layer grown on top of a PEDOT:PSS-rich layer.
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5.6 Influence of molecular weight on
morphology and structure

The topography images of PEDOT:PSS/PEQ%%% plends with different PEQ?000%
content (PEQ2%9%0.) are reported in Figure 5.6. All the samples showed continuous polymer
thin films with varying roughness, thickness, as well as morphological features. Unlike
PEO*%, pure PEQ?%9%%° (18 mg/mL) resulted in a regular thin film, with a constant thickness
value of ~100 nm. Such outcome is normally associated with the solution used for the
fabrication of the sample, for which polymer precursors with higher molecular weight usually
provide better coating properties from diluted solutions 2%, In general, as PEO?°%°% content was
increased, the thickness of PEDOT:PSS/PEQ?%%% plends increased as well, as shown in Figure
5.6(k). Going into detail, the thin films’ thicknesses increased almost linearly from 55 nm for
pure PEDOT:PSS to 358 nm for PEQ?%%0%-90, while pure PEQ?°%% thickness is about 100 nm.
PEDOT:PSS/PEQ?%% plends (Figure 5.6(k)) almost doubled the thickness of
PEDOT:PSS/PEO*™ blends counterparts (Figure 5.1(k)). Concerning the roughness of the
blends, Figure 5.6(j) shows that the measured values range between 3.5 nm and 7.5 nm,
generally constituting rougher surfaces compared to pristine PEDOT:PSS (Ra= 1.2 nm). In
Figure 5.6(b,c) we can see that PEQ2°%°%°-10 and PEO?%%%.-20 show regular surfaces, similar
to PEO*%-10 and PEO*%%°-20 but with a coarser morphology and with the highest roughness
of all measured samples, more than twice the roughness of PEO*®-10 and PEO?*-20.
Increasing the amount of PEQ?%%% films with a bilayer nature and a dendritic morphology for
the top layer is observed for PEQ?%%.40 and PEQ?%°%-50 (Figure 5.6(d, €)), while a
homogeneous surface with reduced roughness is observed for PEQ?°%%-60 (Figure 5.6(f)).
Samples PEQ?099%0_80 and PEQ?%%%%°-90 (Figure 5.6(g and h)), develop heterogeneous surface
topographies suggesting the coexistence of edge-on and flat-on lamella domains. Finally,
PEO?%% (Figure 5.6(i)) presents the characteristic randomly oriented lamellar structure of

spherulitic superstructures.
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Figure 5.6. AFM height images for (a) PEDOT:PSS, (b) PEQ20%°%0-10, (c) PEQ?%%0%0.-20, (d) PEQ?0%°%-40, (e)
PEQ?200000.50, (f) PEQ2000%0-60, (g) PEQ2000%0-80, (h) PEQ?%0%-9Q, (i) PEO?°%°, Below each image, a height cross-
section is presented, where z refers to the out-of-plane axis and x the direction at which the cross-section was
obtained. The dotted line presented in panel (a) exemplifies the cross-section direction. Below: graphical
representation of the surface roughness (j) and the thickness (k) of the PEDOT:PSS/PEQ?%%0% plends as a function
of PEQ?000% content. The triangle corresponds to the pristine PEDOT:PSS.
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The GIWAXS experiments on the PEDOT:PSS/PEO?®% are shown in Figure 5.7.
From the reported data, the semicrystalline nature of PEQ?%%°% js only observed for blends with
a content of 50% and higher. A very weak crystalline reflection appears for PEQ2°00%.50
(Figure 5.7(e)) indicating a very low degree of crystallinity which increases with increasing
PEQ?%0% content (Figure 5.7(f, g and h)). Polarized optical microscopy (POM) (Figure 5.8)
allows exploring the morphology at a larger length scale. The POM images of PEQ2%%0%°-40 and
PEQ?%%.50 show dendritic structures growing on the surface of the samples but not
completely filling it, corresponding to the dendritic lamella polymer crystals of ultra-thin PEO
films 2%3%, The reason why the GIWAXS pattern of PEQ?°%%-40 does not show crystal
reflections may be that the X-ray beam did not impinge on the dendritic structures, since these
structures do not cover the sample completely.
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Figure 5.7. 2D GIWAXS patterns of PEDOT:PSS/PEQ2%% hlends at different weight ratios of PEQ?2000%,
obtained with an incident angle ¢=0.2° : (a) PEDOT:PSS, (b) PEQ%%0%-10, (c) PEQ2%0-20, (d) PEQ?0%000-40,
(e) PEQ200000_50, (f) PEOQ?000%0-6(, (g) PEQ?2%0%00-80, (h) PEQ?20%0%-9Q, (i) PEQ?%°%, The black arrow in pattern ()

indicates a weak PEQ?200000 reflection.

PEQ2°-4() PEQ2%0_50

Figure 5.8. Polarized Optical Microscope images of PEQ20900-40 and PEQ?2000%0.50,
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5.7 Influence of molecular weight on
mechanical and electrical properties
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Figure 5.9. Nanomechanical maps for PEQ?200°%0-20, PEQ?%%0%0-40 (at the edge of a dendritic domain), PEQ?00000-
60 and PEQ?°%000: Height (2), stiffness (k), and tip-sample adhesion force (Faan). Below each image, a height cross-

section is presented. The dotted lines presented for PEQ2°%°%0-20 maps exemplify the cross-section direction.

In Figure 5.9 we report the stiffness and the adhesion maps of representative samples
PEQ?0000_20, PEQ?000%0_40, PEQ?0%%0.60 and PEO?%% as well as the corresponding height
images. PEDOT:PSS, PEQ?0%%.10, and PEQ?%°%-20 present comparable and homogeneous
mechanical properties which indicate the miscibility of the two components for PEQ2000%
fraction lower or equal to 20% (wt%). Images of PEQ?°%%-40 were acquired at the boundary
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of dendritic domains in order to provide a comprehensive description of all the phases
composing the sample surface. By comparing the height images and the stiffness images in
Figure 5.9 (PEQ?°9°%°_40), we observe zones with different mechanical properties at the surface
of the sample that match with the two different phases under investigation (PEO?°%°%-40gjtness:
upper layer = 17 N/m; lower layer = 10 N/m). Combining QNM and POM results, as well as
the previous discussion about the low molecular weight case (PEQ2°9°%0-40), we can consider
that for PEQ?°%%%-40 and PEQ?*®%-50 a dendritic crystalline PEOQ?*®-rich upper layer is
growing on top of a PEDOT:PSS-rich layer. Increasing the PEQ?%%% content up to 60% and
higher, the samples show homogeneous mechanical properties with stiffness comparable to
PEQ?%% On the other hand, PEQ?%%% presents the highest adhesion value, which can be
explained by its semicrystalline character and the random lamellae disposition: amorphous
layers in a rubbery state (T, < room temperature) are intercalated between crystal lamellae, when
the disposition is edge-on the AFM tip is accessible to these stickier amorphous regions. But
for samples PEQ?%%%%°-40 and PEQ?°%%_60 with flat-on lamella disposition, the AFM tip is not

accessible to the amorphous regions, explaining the nanomechanical behavior of such samples.
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Figure 5.10. Nanoelectrical maps (height and electric current) for PEQ?2°%0%0-10, PEQ?°%0%0-20, PEQ?%%0%°-40, and
PEQ?200000_50, Histograms were calculated using all data points presented in the current maps (>65000 points). For
samples PEQ?%0%0.40 and PEQ?%0%.50, the images refer to the edge of a dendritic domain. Cross-sections were
taken at the middle of the maps (see example for PEQ?2090%0-10).

The electrical contrast maps of PEDOT:PSS/PEQ?°% plend thin films were acquired
in the same conditions used for the low molecular weight samples, and evenly reported in Figure
5.10. Starting from PEQ2%0%°.10, we can distinguish highly conducting microdomains
homogeneously distributed at the surface (bright areas in the electrical map of PEQ200%.10,
Figure 5.10). Such domains are uniformly fused with the less conducting zones, as we can better
appreciate in the histogram scheme related to the discussed image. This result suggests a
different arrangement of the PEOQ?%%% intercalation in the PEDOT:PSS matrix with respect to
the low molecular weight case, where the electrical maps showed a more random distribution
of the conducting nanodomains at the surface of the samples (Figure 5.5). PEQ?%%0%-20 shows
an electrical map similar to PEQ2°%°%0-10, but with lower conductivity. Compared with PEQ*6%-
10 and PEO?*0-20, the high molecular weight counterparts present coarser conducting paths.
As previously commented, the two systems have a comparable degree of miscibility. PEQ2°0000.-

40 maintains a certain conductivity exclusively outside the dendritic domains in a way similar
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to PEO*6%-40. On the other hand, contrary to PEOQ*%-50, some regions of PEQ2°%°%-50 can
conduct electricity. This fact constitutes one of the main differences between PEQ2099% ang
PEO*% blends as, for the low molecular weight system, no contrast in conductivity was
observed among the whole surface. In the case of PEO*%-50 a continuous semicrystalline
covering layer was obtained, while for PEOQ20%°%-50 it was discontinuous, leaving access to the
AFM tip to probe the lower PEDOT:PSS-rich conducting layer. We attribute this behavior to
the conditions of the film formation by considering that, for longer PEO macromolecular
chains, the coordination is obstructed as a consequence of the reduction in the mixing entropic
term (accordingly to the Flory-Huggins theory). For this reason, the diffusivity of PEQ?200000
into the PEDOT:PSS-rich domains is less promoted 28, leading to a more effective phase
segregation than in the case of the low molecular weight counterpart. This results in an
enhanced mobility of the PEO-rich phase, which can more likely arrange in dendritic domains,

providing a discontinuous coating *°*.
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Figure 5.11. Conductivity of blend thin films as a function of: PEO* content (open circles) and PEQ20%% content

(filled squares). The filled triangle corresponds to pristine PEDOT:PSS.

Finally, in Figure 5.11 we present the electrical conductivity of PEDOT:PSS/PEQ?*6%
and PEDOT:PSS/PEQ?%%% plend thin films. The electrical conductivity was calculated from I-
V curves acquired in C-AFM. The I-V curves have been measured in representative regions for
both set of samples, these being zones on the samples’ surface where electrical signal was

detected. Both systems with a 10% of either PEQ*% or PEQ?°%9% show the same conductivity
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and very close to that of the pure PEDOT:PSS. With increasing the content of the non-
conducting component the conductivity decreases being slightly higher for PEOQ?°%%.-20 than
for PEO*%-20. The main difference arises for samples with a bilayer morphology, while the
PEQ?00%._40 pottom layer shows a conductivity similar to that of PEQ?200%0.-20, the
conductivity of PEO*%-40 bottom layer drops considerably. This behavior could be explained
considering that the phase segregation in PEDOT:PSS/PEQ?%%%% plends is more efficient than
in PEDOT:PSS/PEQO* plends, as it is seen in the electrical contrast maps of Figure 5.10
compared to those of Figure 5.5. It means that the PEDOT:PSS bottom layer in
PEDOT:PSS/PEQ?%%% plend thin films is purer than in PEDOT:PSS/PEO*6% plends.
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5.8 Summary

Blends of PEDOT:PSS/PEO have been investigated in thin film geometry by AFM and
GIWAXS: through a precise analysis of the different phases and domains constituting the
resulting thin films, we were able to identify the reciprocal influence of the two polymers
according to the different concentrations and molecular weights.

For concentrations of PEO* up to 20%, the PEDOT:PSS matrix can host highly-
amorphous PEO**® nanodomains providing continuous thin films with homogeneous electrical
and mechanical properties. At a concentration of 40% we observed a phase segregation of
PEO*% towards the surface of the film, forming insulator crystalline dendritic structures on top
of a conducting PEDOT:PSS-rich bottom layer. The bilayer structure is kept for the
intermediate concentrations, while a spherulitic morphology is developed for blends with high
PEO*% concentration. As a general trend, the stiffness and adhesion of blends with PEQ#6%
concentrations up to 20% are very similar to those of the pure PEDOT:PSS and both magnitudes
increase with increasing PEO*%% content. On the other hand, the conductivity of films with 10%
of PEO* js very close to the conductivity measured for pure PEDOT:PSS, while for 20% it
drops considerably and it is almost negligible for 40% of PEO*. Concerning the impact of
the molecular weight of on the structure and properties of the resulting thin films, both families
of blends follow a similar trend but with some differences: in the low range concentration, up
to 20%, the PEQ2%%%% plends present coarser conducting paths than the low molecular weight
counterparts; and for intermediate concentrations, a more effective segregation of PEDOT:PSS
and PEQ?%0% js achieved, leading to purer conductive and dielectric layers in the bilayer
structure. It is interesting to point out that these differences have direct impact on the final
electrical conductivity of the blend, which is higher for higher molecular weight of PEO at the

given concentration.
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6.1 Final remarks

The effect of the nanostructure conformation on the physical properties of several
polymer systems was systematically investigated under the 1D confinement imposed by thin
film configuration. In this work, we focused on the study of the charge transport properties of
the complex nanostructures under investigation. The evaluation of the nanoelectrical and
nanomechanical properties was carried out by AFM-based techniques while the dielectric

properties were investigated by both BDS and AFM.

As a first example, we discussed the dielectric properties of semicrystalline PEO
through the BDS characterization of its relative solid and melt state, in such a way as to
understand the kinetics governing the solid-melt transition, as long as the dynamics of the melt
and the role played by heterogeneity in the equilibration of the supported thin films. To study
the relaxation phenomena near the melting and crystallization temperatures, we investigated
the dielectric response of the samples in thin film configuration in order to neglect any

polarization contribution which may mask other intrinsic relaxation processes.

By doing so, we were able to identify the melting temperature and the crystallization
one following the values of the dielectric constant respectively in heating and in cooling scans.
Observing the relaxation phenomena taking place in the samples, we also addressed the role of
heterogeneity in the dynamics of the melt which, depending on the interpretation, may come
from the bulk liquid or from the adsorbed interfaces at the electrodes. In the same case study,
information concerning the charge-induced dielectric polarization at the interfaces of
semicrystalline objects is also provided, showing the role that crystallinity has on the evolution
of the ionic displacement before and after the melting point. More specifically, in solid state the
charges in the matrix can provide a strong interfacial polarization at the interface of the lamellae
under the applied electric field. Interestingly, we observed that the electrode polarization taking
place after melt transition is the very same process observed in the solid, which evolves toward
interfacial polarization between the two electrodes once the lamellae configuration breaks as a

consequence of melting.

With the intention of visualizing the phase arrangement involved in such interfacial
polarization, we presented the nano-dielectric characterization of the films by coupling the BDS
concept with AFM, then performing nano-Dielectric Spectroscopy (nDS) experiments. The
setup and operating conditions of the nDS were described in detail and a faithful model to

interpret the output signal was provided complete with theoretical discussion and validating
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experimental data. Based on the assumptions imposed by the model, we were able to image the
disposition of the ion transport channels and the orientation of the interfacial polarization in
semicrystalline thin films by nDS AFM characterization.

Following the AFM characterization approach for the study of complex polymer thin
films, we proposed the investigation of an organic conducting material, which also exhibits its
own intrinsic nanostructure: PEDOT:PSS. PEDOT:PSS is a well-known intrinsically
conducting polymer extensively used in the fabrication of electronic devices due to its high
electrical conductivity. PEDOT:PSS thin films are composed of nanograins stacked together in
a hierarchical structure whose conformation strongly influences the conductivity in the
material. In order to improve or modify the properties of the pristine thin films, we discussed
the use of two nanostructuring techniques: reprecipitation and solvent vapor annealing. By
reprecipitation we could obtain conductive polymeric nanospheres, while by solvent vapor
annealing it was possible to selectively modify at the surface both morphology and conductivity
of the material. The nanostructures obtained were composed of several phases each
characterized by different mechanical and/or electrical properties. To address the compositional
characteristics and the physical properties corresponding to each element constituting the
nanostructured thin films, a detailed study in nanomechanical and nanoelectrical AFM was
presented and discussed.

The nanospheres obtained by reprecipitation method displayed similar mechanical and
electrical properties compared to pristine PEDOT:PSS, yet resulting in a different arrangement
in the core-shell distribution of PSS and PEDOT:PSS phases. Our nanoelectrical study revealed
that the obtained nanospheres, which doubled in size the original diameter of the commercial
precursor, more likely suffer the influence of 1D confinement on the final electrical response
compared to the commercial product. This means that the size of the nanoparticles directly
affects the grains aggregation when constrained in thin film geometry.

The thin film structured by solvent vapor annealing provided modified surfaces while
leaving unchanged the underlying material. The nanostructured superficial layer possessed a
thickness of a few tens of nanometers. Again, it was possible to characterize the composition
of the obtained nanostructures by nanoelectrical and nanomechanical analysis through AFM-
based techniques. It was found that the composition of the upper phase was richer in PEDOT,
mostly uncoordinated to the sulphonic groups of PSS, and less conducting respect with the
pristine thin films. This upmost phase did not cover homogeneously the thin film, presenting

micrometer sized domains where the bottom conducting layer is exposed at the surface. We
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were able to prove that the PEDOT-rich layer only superficially covered the thin films by means
of nano-indentation experiments in conductive AFM mode, also verifying that the bottom phase
preserved the good conductivity properties typical of the raw material.

Finally, the properties at the nanoscale of thin films obtained by blending together PEO
and PEDOT:PSS were studied. The blends were prepared by varying the concentration of the
two components over the entire range of compositions. Phase separation and crystallization
have been studied at different length scales by combining AFM and GIWAXS. GIWAXS
analysis provided fundamental information about the internal structure and phase separation in
the studied blends. In addition to that, we were able to estimate quantitative nanomechanical
and nanoelectrical properties via AFM, finally revealing the dependence of the thin films’
physical properties on their composition and structure. From the obtained blends, we achieved

different coating capabilities, mechanical properties, and electrical conductivity.

Several different arrangements in the thin films of the two polymers constituting the
blend were observed: for low concentration of PEO, the PEDOT:PSS matrix can host the poly
oxide in a mostly amorphous state; when reaching intermediate concentration, PEO starts
segregating at the surface in a discontinuous, ultra-thin, semicrystalline superficial layer;
finally, at low content of PEDOT:PSS, we observed a highly crystalline system intercalated by
conducting nanograins. From our mechanical characterization, we registered an overall increase
of the stiffness by increasing the concentration of PEO also, in those samples where more than
one phase was discernable, the PEO-rich one always possessed higher stiffness. On the other
hand, the electrical characterization pointed out a decrease of the conductivity by decreasing
the amount of PEDOT:PSS in the blend; in those samples where more than one phase was

present, we were able to detect the electrical current signal in PEDOT:PSS-rich domains only.

We completed the study on the reciprocal influence of PEO and PEDOT:PSS in their
blends by varying the molecular weight of PEO in the blend composition. Depending on the
PEO molecular weight, the electrical response of the resulting thin films shows some
differences. In the low concentration range, the blend thin films with high molecular weight
PEO present coarser conducting paths than in those with the low molecular weight counterparts.
For intermediate concentrations, a more effective phase segregation of PEDOT:PSS and PEO
is achieved for high molecular weight PEO. These differences are also translated to different

electrical conductivity.
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6.2 Perspectives

By the study of semicrytalline polymer thin films in BDS we obtained information about
the complex dynamics involved in the melting of the polymeric thin films yet leaving open the
discussion about the reason behind the heterogeneity displayed by the resulting supported melt.
Depending on the solution to such questions, this issue would enable: i) a better understanding
of polymer heterogeneous melt or ii) to clarify the dynamics involved in the equilibration of

polymer adsorbed interfaces.

Different strategies for the nanostructural manipulation of a conducting polymer were
provided and the resulting materials possessed new and tailored properties, expanding its
possible applications in electronics and optoelectronic devices. Similar perspectives can be
given to the presented polymer blends, as they space a wide set of mechanical and electrical
properties depending on the concentration and molecular weight of their components. Hence,
an interesting continuation of this work would be the implementation of the obtained systems

in the engineering of electronic devices, if and where convenient.

From a purely technical point of view, with the work presented in this elaborate we hope
to have opened new perspectives in the nanocharacterization of polymeric and nanostructured
materials by BDS and AFM. First, the developed model for nanodielectric characterization of
thin films provides an interesting tool which can be used for the imaging and the quantitative
estimation of the dielectric features on whichever unknown dielectric surface. Secondly, we
have shown how a rigorous nanomechanical investigation can address important insights into
a given microstructure. Thirdly, we have demonstrated the high potential of nanoelectrical
characterization in describing the distribution of conducting domains in complex surfaces, also
presenting the possibility of obtaining valuable subsurface information when employed in

nanoindentation experiments.
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Nanoscale properties of pristine PEDOT:PSS thin films

Figure A.1 shows the nanomechanical maps of a PEDOT:PSS thin film of 430 nm in
thickness. These maps were obtained using the PF-QNM technique presented in section 2.3.1.
The topography image (Figure A.1(a)) shows that the PEDOT:PSS film is composed of
nanometric grains, as expected. The nanomechanical maps (Figures A.1(b) and (c)) present a
well-defined contrast, indicating two distinctive regions. In particular, zones on the maps
corresponding the PEDOT:PSS grains revealed higher deformation and lower Young’s
modulus with respect to the intergranular regions.
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Figure A.1. Nanomechanical results for pristine PEDOT:PSS. (a) Topography, (b) Sample Deformation, (c)

Young’s modulus (with relative zoom-in and cross-section).

A cross-section of the Young’s modulus map is also shown (see zoom-in region in
Figure A.1(c)), where we can appreciate the difference in modulus between the distinct zones
of the sample surface. The AFM images associate different mechanical properties to the grains
with respect to the matrix; however, a further analysis has been carried out to quantify the
mechanical properties associated to the observed nanomechanical contrast. In this way, we

calculated the distribution of Young’s modulus values for Figure A.1(c). The obtained results
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are presented as a histogram in Figure A.2, fitted by a sum of two Gaussian functions (fitting
curve R? = 0.99, red line in Figure A.2), We were able to ascribe these functions to the
representation of two distinct populations (blue and violet lines). The mean value () for these
populations was p1 = 2.6 GPa and p2 = 3.3 GPa, respectively, with comparable standard
deviations of 6 = 0.4. These results were in line with the data presented by Qu et al. in a PF-
QNM study on PEDOT thin films (~2.5 GPa) 2%, By comparing with the nanomechanical maps,
we observed that the granular objects were the ones presenting the lower modulus and higher
sample deformation, while the interconnecting layer was characterized by a higher modulus
and lower deformation. We believe that the presence of these two distinct populations can be
ascribed to local mechanical differences between PEDOT:PSS rich grains and a PSS
interconnecting layer. Following this idea, we were able to calculate the width of the PSS
interconnecting layer between the grains and the diameter of the grains, measuring ~15 nm and
~60 nm, respectively. The obtained values were in line with those reported previously for
PEDOT:PSS by TEM and Energy Dispersive X-ray (EDX) methods 2*:. Moreover, the
distribution of mechanical phases shown in our study is in line with a previous report. There E.
S. Muckley et al. showed that the PSS rich phase in PEDOT:PSS was characterized by higher
modulus than the granules constituting the material, as studied by nano-mechanical mapping in
AFM 28,
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Figure A.2. Young’s modulus distribution from the nanomechanical map presented in Figure A.1(c). The fitting

curve (—) represents the sum of a low modulus contribution (—) and a high modulus one (—).

As observed from the PF-QNM analysis, the complex structure of PEDOT:PSS gives
rise to several distinct domains, each presenting peculiar composition and properties. Being the
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conductivity of PEDOT:PSS intimately related to the distribution of such domains, these first

evidences provide the basis to understand the electrical conduction regime in the material.

As we may know, the electronic properties of conducting polymers are related to the
conjugated nature of their backbones and to the formation of polarons able to move along them,
which constitute the charge carriers providing the electrical conductivity. The movement of the
charge carriers along and between the chains usually provides itself a good model to understand
the nature of conductivity in polymers, but in presence of complex nanostructures we might
need to integrate other factors. As we showed, PEDOT:PSS constitutes itself an intrinsically
nanostructured material, with alternated insulating PSS interfaces among PEDOT:PSS-rich
nano-grains. For this reason, we describe the charge transport in it by the nearest-neighbor
hopping model, considering the hopping between the grains the limiting factor contributing to
the activation energy of single charge displacement %%, If this is true, the stack morphology of
the conducting grains must have direct impact on the final conductivity. To prove this evidence
we considered 1D thin film confinement, where we expect a different disposition of the
nanoparticles by varying the thickness. The characterization of the thin films was carried out

by C-AFM, which enabled obtaining the out-of-plane conductivity as a function of thickness.
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Figure A.3. Logarithm of the conductivity of PEDOT:PSS as a function of thin film thickness. The values
correspond to the mean over 5 measured points on different locations, reported in Table 4.2 and plotted as star

points. The conductivity of the in-plane conductivity of PEDOT:PSS was also plotted (dashed line).
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The obtained results are shown in Figure A.3. The thicker analyzed sample (430 nm)
showed the highest conductivity, this equal to ~ 90 S/cm. For all the studied samples, we
observed that as the thin film thickness decreases so does the conductivity. More specifically,
the conductivity decreases by lowering the thickness in about 2 orders of magnitude. All the
values obtained by C-AFM were lower with respect the in-plane conductivity measured by
four-point-probe, this latter estimated to be Greoorrss = 3.6X10° S/cm for a film of thickness = 0.5
um. Interestingly, similar findings were also pointed out in previous reports %25 In these
works, the authors explained that the conductivity reduction is related to an anisotropy in the
disposition of the PEDOT:PSS grains during film formation, where the conducting granules
would tend to preferentially arrange coaxially and perpendicular to the substrate plane. For the
thin film geometrical constrain, the out-of-plane conductivity strongly depends on the thickness
due to a less packed disposition of the conducting grains as the film thickness decreases, which
argues our previous statements demonstrating how the electric conductivity mechanism of

PEDOT:PSS is intimately related to its nanostructured nature 242,
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