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ABSTRACT

El proposito de la presente tesis doctoral es determinar como la presencia de moléculas
de disolventes afecta las dindmicas de un polimero en diferentes escalas temporales
y espaciales y como la dinamica del disolvente esté influenciada por las interacciones
con el polimero. En particular, es de fundamental interés entender cual es la funcién
de los enlaces hidrégeno en esta interaccion reciproca. Ademas, con el objetivo de
conseguir una visién completa del asunto, es muy importante investigar también los
aspectos estructurales de las mezclas. Con este fin, ha sido necesario un estudio com-
parativo con disolventes caracterizados por distintas interacciones con los polimeros.
Los sistemas elegidos han sido poli(dimetiloaminoetilo metacrilato) (PDMAEMA)
en soluciones con tetrahidrofurano (THF) y agua con distintas concentraciones. El
THF como el agua son buenos disolventes para el polimero investigado. Sin em-
bargo, mientras que en las soluciones con agua los enlaces hidréogeno dominan las
interacciones polimero/disolvente, el THF no interacciona con el polimero por esta
forma. La informacion sobre las propriedades estructurales de los sistemas ha sido
adquirida por la combinacién de difraccién de rayos-X y difraccion de neutrones.
El uso conjunto de espectroscopia dieléctrica (DS) y espectroscopia de difusién de
neutrones (NS) cuasi-eldstica y ineldstica ha sido una herramienta muy ttil para
la investigacién de las dindmicas en las mezclas. De hecho, la primera técnica per-
mite explorar un rango de frecuencia muy amplio y puede ser selectiva si una de
las componentes tiene un momento de dipolo mucho mayor que las otras. La se-
gunda concede la posibilidad de seleccionar una dada componente a través de las
etiquetas isotépicas (H/D). Primero, han sido investigados a fondo las propriedades
estructurales y dinamicas del polimero seco y de las mezclas con THF y agua en una
concentracion representativa (c=30 wt%). Luego, las propriedades dindmicas de las
mezclas en funcién de la concentracion de disolvente han sido estudiadas por DS y
calorimetria diferencial de barrido (DSC).

La estructura del PDMAEMA seco ha sido caracterizada por difraccion de rayos-X
(SAXS y WAXS) y difraccién de neutrones (DNS). Han sido identificados cuatro
picos en el "pattern” de difraccion. A través de una comparacion con estudios sobre
polimeros similares (caracterizados por grupos laterales voluminosos) estas contribu-
ciones han sido asociadas a las distintas correlaciones entre los grupos moleculares
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del PDMAEMA. El pico alrededor de ~ 2.2 A" ha sido asociado a las correlaciones

intra-cadena. El pico principal, alrededor de ~ 1.2 A_l, ha sido relacionado a las
correlaciones entre atomos de los grupos laterales de distintos monémeros. Alrede-
dor de ~ 0.8 A" se ha encontrado un pico poco definido. En polimeros parecidos,
ese rango en Q esta relacionado con las correlaciones que implican los ”backbone”
atomos. Finalmente, un pre-pico ha sido encontrado alrededor de ~ 0.5 A" Su
presencia ha sido asociada a un tipo de segregacién de "nano-phase” entre los grupos
laterales y los ”backbones” que lleva a la existencia de nano-dominios ricos de ”poly-
meric subspecies”. Este pico reflejaria entonces las correlaciones entre-dominios in-
cluyendo las distancias entre-cadenas principales. En PDMAEMA /THF 30 wt%
hemos encontrado que la presencia de moléculas de THF afecta principalmente las
distancias entre los grupos laterales. El pre-pico esta ligeramente afectado por el
disolvente sugiriendo que las estructuras de los nano-dominios asociadas a este pico
son esencialmente las mismas encontradas en el polimero seco. Ademas hemos visto
que en esta mezcla las moléculas de disolvente parecen estar distribuidas de forma
homogénea en la muestra ya que no hay indicio de "cluster” de THF en nuestros
resultados. Al contrario, los experimentos de rayos-X y difraccién de neutrones so-
bre la muestra PDMAEMA /H;0 30 wt% han mostrado la presencia de ”clusters”
de agua. Estos agregados llevan a una distribucion no uniforme de la hidratacion
del polimero como sugerido por la heterogeneidad encontrada en la S(Q) en el rango
de Q entre 0.6 y 1.0 A Ademas, las distancias ente los nano-dominios son mas
grandes que las encontradas en el polimero seco y en la mezcla PDMAEMA /THF.
Finalmente, la dependencia con la temperatura de las contribuciones observadas en
el rango de Q ~1-2 A" es parecida a la reportada para el agua confinada en otros
sistemas, implicando un cambio de las interacciones agua-agua y una efecto de ”ex-
tra finite size” dado por la ”vidrificacion” del polimero.

En relacion con las propriedades dinamicas, ha sido abordada la cuestién de como los
plastificantes afectan las dindmicas del PDMAEMA combinando las técnicas de es-
pectroscopia dieléctrica y de difusion de neutrones. Desafortunadamente, DS no nos
permite sacar informacion sobre la componente del polimero en las mezcla acuosa
por el aplastante senal del agua. A pesar de eso, ha sido posible sacar conclusiones
interesantes gracias a las téncicas de NS y DSC. La relajacion-"a” del polimero estéa
drasticamente afectada por la presencia de los disolventes. Las medidas de DSC nos
muestran un fuerte desplazamiento de la temperatura de transicion vidria. En las
mezclas con THF, ese desplazamiento aumenta en funcion de la cantidad de disol-
vente y se observa un comportamiento "mas fuerte” de la relajacion-"a”, también en
la muestra con la concentracién menor (15 wt%). En las mezclas acuosas, se ha ob-
servado por DSC un comportamiento ”bimodal” lo cual sugiere una distribuciéon no
homogénea de las moléculas de agua en las muestras. Ademas, las medidas de DSC
nos han mostrado un marcado ”broadening” de la transiciéon vidria en las regiones
hydratadas. En el otro extremo, las dindmicas de los grupos metilos no parecen afec-
tadas por la presencia de disolvente. La analisis combinada de los resultados de DS
y QENS del polimero seco y de las mezcla con THF nos ha permitido identificar dos
tipologias de movimientos moleculares del grupo lateral —una lenta y una rapida—
que contribuyen al proceso-£ del polimero seco. Basdndonos en la informacién es-
pacial provista por QENS, ha sido propuesto un modelo para la geometria de los
movimientos involucrados en el proceso rapido. Anadiendo el disolvente, este pro-
ceso permanece esencialmente inalterado, mientras que la poblacién involucrada en



el movimiento lento se reduce. Esta reduccién es completa, dentro la incertidumbre
experimental, en las mezclas con THF y solo parcial en el sistema acuoso. Ademas,
se ha encontrado por DS una energia de activacién del proceso-/3 bastante mas baja
en todas las mezclas con THF. Este resultado sugiere que, ya con c=15 wt%, la
componente lenta de la relajacion-g del PDMAEMA observada en su estado seco
esta altamente dificultada. El marcado ”"broadening” de la regién de transicion
vidria como la menor influencia de la presencia de agua sobre los movimientos del
grupo lateral del polimero, comparada con la del THF, podria atribuirse a la ex-
istencia de ”clusters” de moléculas de agua distribuidas de forma heterogénea en
la matriz polimerica y consiguientemente unos segmentos del polimero no estarian
afectados por el agua. Esta podria sera la diferencia introducida por la capacidad
de las moléculas de agua de formar enlaces hidrégeno a diferencia de las moléculas
de THEF.

La combinacién de DS y NS aplicada a una muestra ”etiquetada” ha permitido
la caracterizacion de las dindmicas de las moléculas de THF en la mezcla con
PDMAEMA con ¢=30 wt%. Ademas, las propriedades dindmicas del disolvente
in funciéon de la concentracion ha sido investigada por DS y DSC. Con respecto
a la distribucién de las moléculas de THF en las muestras, se ha observado una
cristalizacion parcial en el enfriar la muestra con la mayor concentracion de THF
(c=48 wt%) evidencia la presencia de segregaciéon de las moléculas de THF que
lleva a una distribucién no uniforme de las moléculas de disolvente en la mezcla.
Este comportamiento esta confirmado por el estudio de espectroscopia dieléctrica
de las dinamica del polimero como del THF en esta concentraciéon. La mezcla con
¢=30 wt%, que corresponde a una molécula de THF por monomero, estd caracter-
izada por la distribuciéon mas uniforme de disolvente comparada con las otras con-
centraciones investigadas. Esto esta sugerido por la ”saturacién” de T} in funcién de
la cantidad de disolvente encontrada en las medidas de DSC. Sobre las propriedades
dindmicas de disolvente, dos procesos independientes del THF han sido identifica-
dos. El rapido’ ha sido asociado a los movimientos internos del anillo del THF que
llevan a un desplazamiento del hidrégeno de aproximadamente 3 A. Las energias
de activacion de este movimiento estan ampliamente distribuidas alrededor de un
valor pro medio de 104 meV (10.03 kJ/mol). El proceso ’lento’ esté caracterizado
por una dependencia de los tiempos de relajacion con la temperatura de tipo Ar-
rhenius. Esta dependencia persiste en todo el rango estudiado, hasta temperaturas
muy altas, donde los tiempos alcanzan el rango de los nanosegundos. Los resul-
tados de QENS evidencian la naturaleza confinada de este proceso, determinando
un tamaifio de aproximadamente 8 A de la regién dentro la cual los movimientos
de los hidrégeno del THF estan limitados. Podemos provisionalmente asignar este
proceso a la relajacion-a de las moléculas de THF confinadas por la mas lenta y
mas rigida matriz del polimero. En todas las mezclas de THF y en todo el rango de
temperaturas investigadas por DS, no hay marca de ”crossover” hacia un caracter
cooperativo de la dindamica ’lenta’ del THF. Los experimentos de difusiéon nos han
dado una informacién importante sobre las propriedades estructurales de la mezcla
PDMAEMA /THF 30 wt%. Como comentado anteriormente, las moléculas de THF
en esta concentracién estan bien dispersadas entre los nano-dominios de la matriz
del polimero y entonces aisladas entre ellas. Consecuentemente, sienten un ambi-
ente rico de grupos laterales del polimero. La dispersion de THF junta a la alta
movilidad local de los grupos laterales podria impedir que los efectos cooperativos



entre las moléculas de THF puedan desarrollar una relajacién estructural del dis-
olvente, previniendo de esa forma una transicion hacia un comportamiento de tipo
Vogel-Fulcher a altas temperaturas. Podemos entonces interpretar el proceso-lento’
del THF como una proceso que implica una colectividad con otras pocas unidades
moleculares —principalmente los grupos laterales del PDMAEMA- dentro los nano-
dominios de la matriz del polimero.

En relacién con el estudio de los sistemas acuosos en funcion de la concentracion de
agua, la muestra PDMAEMA /Hy0O 20 wt% investigada por DSC ha mostrado un
comportamiento ”bimodal” indicando la presencia de dos distintas 7j. Este com-
portamiento sugiere una distribucién no uniforme de las moléculas de agua debida a
la mas favorable interaccion agua-agua. Esto llevaria a la existencia de partes de la
muestra donde el polimero esta poco hidratado. Sin embargo, también en las mues-
tras con una concentracion mas alta de agua es posible identificar una ligera marca
de este comportamiento ”"bimodal”. A baja temperatura, los tiempos de relajacion
del proceso del agua presenta una dependencia de temperatura de tipo Arrhenius.
La energia de activacién como el pre-factor no depende considerablemente de la
concentracion de agua. Contrariamente, los tiempos de relajacion de la muestra
con ¢=20 wt% son mas grandes de los de la muestra PDMAEMA /H50 30 wt%
de casi un orden de magnitud, mientras que los tiempos de relajacion obtenidos
para ¢=40 wt% son ligeramente més pequenos que los de la mezcla con ¢=30 wt%.
La distribucién ancha de los tiempos de relajaciéon de PDMAEMA /H,O 20 wt%
a baja temperatura sugiere un ambiente bastante "inhomogéneo”, mientras que la
distribucién de moléculas de agua se vuelve més uniforme al subir la concentracion
de agua. Ademas, se ha encontrado un fuerte incremento de la Ae en las concentra-
ciones mayores que ¢c=20 wt%. Estos resultados nos indican una fuerte interaccion
de las moléculas de agua con el PDMAEMA a baja concentracion la cual limita la
re-orientacion del momento de dipolo. Al contrario, al subir la concentracién, las
moléculas de agua tienden a juntarse en cuanto las interacciones agua-agua son mas
favorables que las con el polimero. Al subir la temperatura, se ha encontrado un
"crossover” de los tiempos caracteristicos de la dindmica del agua desde un depen-
dencia con la temperatura Arrhenius a non-Arrhenius. Sin embargo, la temperatura
a la que esta transicién ocurre parece depender de la cantidad de agua. De hecho,
en las muestras con 30 and 40 wt% de agua este cambio se verifica donde se ob-
serva la transicion vidria, mientras que en la muestra con la cantidad mas baja de
agua (c=20 wt%) el "crossover” ocurre a una temperatura mas baja. De acuerdo
con las medidas de DSC, la distribucién de los tiempos de relajacion y la fuerza
dieléctrica obtenidas por DS, y tambien de acuerdo con estudios anteriores sobre las
dindmicas del agua en solucién con polimeros, hemos sugerido el siguiente escenario:
a alta concentracion un acoplamiento de la relajacion del agua con la relajacién-a
del polimero desestabiliza los ”clusters” de agua permitiendo una transicién desde
una dindmica de tipo local hacia una dindmica de tipo cooperativa al subir la tem-
peratura. Al contrario, a bajas concentraciones, los ”clusters” de agua deberian ser
mas pequenos por las interacciones mas fuertes con el polimero y la contribucion
térmica podria ser suficiente para disturbar las agregaciones de agua y, entonces,
para observar el ”crossover” desde una dependencia con la temperatura Arrhenius
hacia una dependencia non-Arrhenius.
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CHAPTER

INTRODUCTION

1.1 Polymers

Polymers are macromolecules composed of many repeated structural subunits linked
by covalent bonds. Normally, the subunits are derived from smaller molecules
(monomers) that react to form the polymer chain. Due to their broad range of
properties, nowadays polymers play a central role in our daily life. We can identify
two main categories: the natural and the synthetic polymeric materials. Natural
polymers have been used for centuries (i.e. natural rubber, silk, wool) and are
simply fundamental for our living being (i.e. DNA, proteins, bio-macromolecules in
general). Otherwise, synthetic polymeric systems have been very important in devel-
opment of new industry products affecting directly our modern society (i.e. plastics,
synthetic fibres, etc...). The simplest example of polymers are homopolymers, that
is polymers consisting of identical repeated units, while polymers comprising two or
more types of chemical units are referred to as copolymers.

In a polymeric system chains of different sizes are usually found. Therefore,
molecular weight distribution functions are used to describe this situation. The
number-average molecular weight M,, and the weight-average molecular weight M,
are respectively defined as

2. NiM;
My = 3. N M; (1.2)

with V; the number of molecules of molecular weight M;. The polydispersity in-
dex is defined as the ratio M, /M, and provides a characterization of the width of
the molecular weight distribution. Same polymers with different average molecular
weights and /or polydispersity can exhibit very different properties related to chain
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structure and dynamics. However, these are not the only characteristics affecting
the polymeric features. In fact, polymers can exist in various conformations, that
is the spatial arrangement of the molecular groups of the polymer chain established
by rotations about single bonds (i.e. planar zigzag, folded chain and random coils),
and in different configurations, that is the organization of the atoms along the chain.
There are also many different architectures in which polymers can be found. The
most basic polymer architecture is a linear chain, but polymers can present more
complex structures, for example closed ring, chain branching, or a set of polymers
can be connected by bonds to form a polymer network. All these characteristics
influence the mechanical and dynamical properties of each specific system, mainly
at high temperature —i.e. in the rubbery state.

However, at low temperature —i.e. approaching the glass transition temperature—
the dynamics associated to the polymer chain become too slow. In this temperature
range, only motions with characteristic length-scale of the order of inter- and intra-
molecular distances control the main properties of the polymer. At these relatively
small length scales, the atomic disorder is the key factor and the dynamical and
structural features of the polymers are those typical of glass-forming systems in
general.

1.2 The Glass Transition

1.2.1 The Vitrification Phenomenon

When a glass-forming system is cooled down from the melt to a given temperature,
its viscosity increases affecting the structural rearrangements necessary to find the
equilibrium for that temperature (the so called a-relaxations). When during a con-
tinuous cooling these rearrangements cannot follow the cooling rate, the system falls
out of equilibrium and a glass is formed. The structure of this material is ”frozen”
within the experimental observation time. The glass transition temperature, T, can
be defined from a thermodynamic point of view by the temperature at which changes
in the temperature dependence of the volume or enthalpy take place [1]. The glass
transition temperature depends on the cooling rate: the smaller is the cooling rate,
the larger is the time given to the system to reach its equilibrium. However, the
dependence on cooling rate is relatively weak. An order of magnitude change in
cooling rate may change T, by only 3-5 K. Below T, the glassy state is unstable
with respect to the supercooled liquid states and the crystalline solid state. A glass
is continuously relaxing toward a more stable state. Nevertheless, from an experi-
mental point of view, the molecular motions involved in the structural relaxations
in a glass some ten degrees below the T, are too slow compared to the laboratory
time-scale and its physical properties do not appreciably change over time scales of
several years. Hence, the glassy system is mechanically stable for practical purposes,
even though is thermodynamically unstable [2].

Regarding the structure, glass-forming systems are amorphous solids. The struc-
ture of amorphous systems does not have any long-range order. Nevertheless, elastic
scattering experiments such as X-ray or neutron diffraction on glass-forming systems
reveal a broad peak in the structure factor, also called amorphous halo, related to
correlations between structural units (short-range order). In particular, in polymers
such a peak is mainly due to the correlations between pairs of atoms located in

12



1.2. THE GLASS TRANSITION
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Figure 1.1: Representative scheme of relaxation map illustrating the temperature
dependence of characteristic times corresponding to the different dynamics involved
in glass-forming polymers.

neighbouring chains, though it usually also contains correlations relating repeating
units along the axial direction of a single chain. In addition, polymers are charac-
terized by the presence of a second peak at higher Q-values that can be interpreted
in terms of intra-chain correlations between covalently bonded atoms.

1.2.2 Molecular dynamics in glass-forming systems

The main macroscopic properties of materials are strongly related to the dynam-
ical processes occurring at molecular level. The molecular motions are accessible
by means of different experimental approaches as the relaxation techniques and
quasi-elastic and inelastic scattering. The dynamics of glass-forming systems are
very complex and the microscopic mechanisms involved are still poorly understood.
Normally, several relaxation processes are observed in such systems. The charac-
teristic lengths of the molecular motions involved vary from one process to another
and, some of them, are highly sensitive to temperature and external pressure. Fur-
thermore, the characteristic times span over many decades (from 107! s to 10° s).
Hence, it is necessary to combine different experimental techniques to cover the wide
time region where the dynamics occur. At sub-picosecond level, the vibrational dy-
namics are observed, in particular the so-called Boson peak, a feature typical for
glasses. At lower frequencies, short-range motions as rotations —i.e., methyl group
rotations— and other rather local motions giving rise to the so-called secondary
relaxations. Above T} the primary relaxation (a-relaxation) becomes active allow-
ing thermodynamic equilibration of the system. Finally, in polymers whole chain
motions are required for the system to flow. A representative scheme is shown in
Fig. 1.1). In the following, a brief description of the general features of the processes
occurring in typical glass-forming systems is given.
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a-relaxation

The a-relaxation, or primary relaxation, is the process associated to structural re-
arrangements and cooperative processes directly related to the glass transition. As
mentioned previously, the molecular motions involved in the a-relaxation strongly
depend on temperature: approaching 7, from the melt, they drastically slow down
and the system finally appears ”frozen”. The temperature dependence of the char-
acteristic relaxation time 7, associated to the primary relaxation is non-Arrhenius
and it can usually be described by a Vogel-Fulcher-Tamann function:

B
=77 1.
Ta = To exp(T — To) (1.3)

where 77 and B are temperature independent parameters, while the Vogel tem-
perature T, represents the singularity at which the characteristic relaxation time
would diverge. This empirical temperature dependence of the structural relaxation
times can be justified by two main phenomenological theoretical approaches: the
free volume theory developed by Doolittle [3] and Cohen [4, 5] , and the Adam-
Gibbs theory [6] . The first theory is based on the assumption of a local volume
V attributed to molecules —i.e. low molecular weight glass-formers or liquids— or
segments of the polymer chain. Defining the free volume Vy as Vy = V' — V. where
V. is a critical volume and assuming that the mechanism of the molecular transport
is a jump over a distance, the relaxation can occur only if V; > V* where V* is
the minimal free volume required for the jump. In this framework, Ty in the VFT
equation is the temperature at which the free volume vanishes. The latter theory, is
based on the cooperativity approach to the glass transition. Adam and Gibbs intro-
duced the concept of cooperatively rearranging region (CRR) defined as a subsystem
which, upon a sufficient thermal fluctuation, can rearrange into another configura-
tion independently of its environments. In this scenario, the Vogel temperature Tj
corresponds to a divergence of the size of the CRR.

It is possible to find some peculiar and universal features of the a-relaxations
occurring in all glass-forming systems. The first is related to the non-Arrhenius be-
haviour of the temperature dependence of the primary relaxation above mentioned.
In connection to this feature, the fragility parameter m defined as

_ dlogr
d()

T

T,=T (1.4)

allow us to classify the system as fragile or strong according to the well-known
Angell’s criterium [7] . According to the way the characteristic relaxation time
To approaches the glass-transition temperature, systems showing a prominent non-
Arrhenius behaviour are called fragile, while those manifesting an Arrhenius-like
dependence on temperature are classified as strong. In this classification, glass-
forming polymers are usually fragile.

Another feature of glass forming systems is the non-exponential nature of the
response of the system to various perturbations. This particular behaviour can be
explained taking into account two different scenarios. One is supposing a heteroge-
neous set of environments in the system. Each environment is characterized by its
own exponential relaxation and the relaxation time varies among them. Therefore,
the non-exponential relaxation is due to the superposition of exponential functions
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1.2. THE GLASS TRANSITION

with different relaxation times. Alternatively, a homogeneous scenario has been
proposed where all the environments relax almost identically in an intrinsically non-
exponential way. Generally, it is accepted that heterogeneities are an important
key in the dynamics of glass-forming systems, although the question whether the
relaxation function is intrinsically exponential is still a subject of debate. Usually, a
stretched exponential function, or Kohlrausch-Williams-Watts (KWW), is used to
characterize response functions in the time domain:

orww(t) = 67(%)5 (1.5)

with 7, setting the time scale and 5 < 1 determining the stretching of the decay.
From a mathematical point of view, the KWW function can be expressed as a
superposition of exponential functions:

orww (t) = /g(T)e_(ﬁ)dT (1.6)

with g(7) distribution function of the relaxation time. This would correspond to
the physical picture of the heterogeneous scenario above mentioned. We note that
distributions of relaxation times are commonly found behind the broad features of
the relaxations in the glassy state. Usually, these distributions are symmetric and
can be attributed to heterogeneous environments in the glassy materials.

Before describing the phenomenological features of other dynamic processes in
glass-formers, it is worth mentioning the mode coupling theory (MCT) that repre-
sents a microscopic approach to the structural glass transition. MCT considers the
density fluctuations as the most important low-frequency process and describes the
glass transition as an essentially dynamic phenomenon [8]. The main physical inter-
pretation behind the structural arrest, that would occurs at a critical temperature
T,, is the so-called 'cage effect’. The particles are constrained in their motion in a
cage formed by their neighbours. As the system gets denser structural arrest occurs
because particles can no longer leave their cage at finite time. Exhaustive review on
MCT can be found in Refs. [9, 10, 11, 12, 13].

Relaxations in the Glassy State

Below the glass transition temperature, only short-range processes can take place. In
general, these local motions are called secondary relaxations in order to distinguish
them from the structural relaxation above 7,. Such dynamics can be of different
nature depending on the glass-forming material. In polymers, secondary relaxations
are often associated to local motions of molecular groups in the main chain or in
the side group —i.e. methyl group rotations, twisting motions or motions of the side
group about the bonds linking them to the main chain—. In low molecular weight
glass formers, such relaxations may involve the motions of essentially all parts of the
basic structural unit [14] . However, some secondary relaxations may not involve
just intra-molecular motions. In fact, Johari and Goldstein [15] showed the presence
of these relaxations even in glass formers composed of completely rigid molecules
originated from some motion of the entire molecule.

The temperature dependence of the relaxation times associated to relaxations in
the glassy state is that expected for the thermally activated processes, that is the
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Arrhenius law:

a
T = T ex Ea 1.
0 € p(k ) (1.7)

where FE, represents the activation energy of the process, kg is the Boltzmann’s
constant and 7, is a parameter that represents the relaxation time at T° — oo.
Finally, as commented above, such relaxations are characterized by a distribution
of the relaxation times.

Vibrational Dynamics

In the sub-picosecond region, the dynamics is dominated by vibrational motions
occurring along all the temperature range, above and below the 7T,. The atoms
that compose the polymer are not ’quiet’, but vibrate around their equilibrium
positions giving rise to a vibrational spectrum. A characteristic and universal vibra-
tional feature of glass-forming systems is the so-called Boson peak. Such a process
is detectable by different scattering techniques — i.e. neutron scattering and Ra-
man inelastic scattering spectroscopy— in the energy range of 1.5-4 meV and is
resolved well below the T,. It has been observed in different glass-forming systems
as biomacromolecules (i.e. proteins), polymers, low molecular weight glass form-
ers like glycerol and ionic glasses although showing relevant changes regarding the
position of the maximum and the intensity. Several investigations carried out on
various amorphous polymers and inorganic glasses allowed to associate the Boson
peak to an excess in the density of the vibrational states G(w). Nonetheless, the
origin of the Boson peak is still a subject of debate. A variety of explanations of the
Boson peak has been proposed, e.g. in terms of the soft potential model [16, 17],
phonon localization models [18, 19], or a model of coupled harmonic oscillators with
a distribution of force constants [20]. The Boson peak was also modelled within the
MCT [21]. However, even if these models can describe some experimental results,
none can elucidate satisfactory the origin of the Boson peak.

1.3 Liquid, supercooled and glassy water

1.3.1 Basic Features and Anomalies

Water, despite of its very simple chemical composition, is one of the most important
liquids on earth. Its unique properties result to be fundamental for life. In fact,
it has unique hydration properties for biological macromolecules: for example, it is
involved in the functional dynamics of proteins, as folding and unfolding, plays a key
relevant role on the three-dimensional structure of enzymes that is necessary for the
metabolism of nutrients and is involved in the temperature regulations and resistance
against dehydration. Moreover, water is essential in many industrial processes as a
solvent (it is commonly referred to as the universal solvent), as a reactant or as an
impurity. A water molecule is composed by two hydrogen atoms covalently bonded
to an oxygen atom. The atoms are arranged with the two OH bonds at an angle of
about 104.5° in the gas phase. This V-shape structure and the fact that the oxygen
electronegativity is higher than that of the hydrogen atoms give rise to a strong
dipole moment that has significant implications. In fact, the attraction between
an oxygen and a hydrogen of different water molecules leads to the formation of a
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1.3. LIQUID, SUPERCOOLED AND GLASSY WATER

hydrogen bond, stronger than van der Waals but weaker than a covalent or ionic
bond. Many of the above mentioned properties of water are due to the hydrogen
bonds between adjacent molecules. Each water molecule can participate in four
hydrogen bonds giving rise to the formation of a network. The structure of bulk
water is still a matter of debate, although is commonly accepted the idea that water
molecules tend to form a tetrahedral hydrogen bonded structure [22], these hydrogen
bonds having very short lifetimes (in order of picoseconds at room temperature [23]).
Such peculiar properties allow the water molecules to arrange in a defined structure
below 273 K (at atmospheric pressure), the ordinary hexagonal ice (Ih). In addition,
the ice structure of water strongly depends on pressure. In fact, besides the ordinary
hexagonal ice, water has 13 polymorphs in the crystalline state. Among them, nine
are stable over a certain range of temperature and pressure (ices II, ITI, V, VI, VII,
VIII, X, XI, Th) and four metastable (IV, XI, XII and cubic ice Ic). Not only its
properties, but also its anomalies make water a very interesting liquid. It’s well
known that the water density reaches its maximum at 277 K in contrast with other
liquids which contract upon cooling. Moreover, different response functions of liquid
water as a function of temperature show a unique behaviour. i) The isothermal
compressibility, defined as

1 [0V < (AV)? >
Kr=—2(55) = ——b— 1.
r V(@P)T kgTV (18)

measures the volume fluctuations < (AV)? > and should decrease upon decreasing
the temperature. In the case of water, instead, it increases and seems to diverge
with a power of law. i) The coefficient of thermal expansion defined as

1 /oV P
= —|==5] = 5= <AVAS> 1.9

“r v(aT)P T (19)
is the measure of cross fluctuations of volume and entropy < AVAS > and is
positive for normal liquids, while for water it becomes negative below 277 K and
diverges at low temperatures. i) The specific heat read as

o (dHY (95 < (AS)P>
- () —n(2) -l a0

is a measure of the enthalpy fluctuations, therefore it would decrease as the temper-
ature is decreased. Contrastingly, C, increases sharply in water as the temperature
is decreased below 330 K.

1.3.2 Liquid to Glassy Water

The glass transition temperature of bulk water is still a strong debated argument
and currently a hot investigated topic. For many years it has been accepted that
T, = 136 K even though it has been recently suggested to be located around 165 K.
Unfortunately, this temperature is in the region usually called no man’s land between
150 K and 235 K (see Fig. 1.2), that means comprised between the homogeneous
nucleation temperature and the spontaneous crystallization to cubic ice. As a conse-
quence, it is not possible to observe experimentally bulk water in the no man’s land.
In order to overcome this problem, it is possible to study water in confinement or in
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Figure 1.2: Diagram of the rough boundaries of 'no mans land’, a temperature
region where supercooled water is difficult to study because of rapid ice formation
[24]

mixtures. In fact, in a confined environment or in interaction with macromolecules
(e.g. polymers), water molecules change their orientation with respect to the adja-
cent molecules affecting the probability of forming the network structure necessary
for crystallization.

1.3.3 Water Dynamics in Confined Environments

The dynamics of water in confined geometry and in supercooled regime is a subject
of a very active research. Its study is strongly stimulated not only due to the deci-
sive role played by water dynamics in biological processes, but also to understand
its anomalies in the "no man’s land”. It has been investigated by several different
experimental techniques (such as neutron scattering, dielectric spectroscopy, NMR)
and in different environments (in solutions of polymers, small organic molecules,
biomolecules and in geometrical confinement) [25, 26, 27, 28]. In particular, dielec-
tric spectroscopy often revealed two processes. The slower one usually shows a VFT
temperature dependence of the characteristic relaxation times. This behaviour is
similar to that exhibited by the a-relaxation process observed in supercooled sys-
tems above the glass transition temperature. According to the results obtained
by the studies on supercooled systems, the slow process of water in solution or in
confined environment was related to the cooperative rearrangement of the whole
system, i.e. water plus solute. On the other hand, the fast process shows a peculiar
behaviour. In fact, in contrast with normal liquids in confinement (i.e. propylene
glycol in Na-vermiculite clay [29]), the water fast process is strongly affected by the
interactions with the host material and a crossover from an Arrhenius to a VET
dependence on temperature of the relaxation times on cooling down the system
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is observed. Depending on the size and the geometry of the confinement and the
interaction of water molecules with the solute or host material, the temperature
at which this phenomenon is observed is comprised between 180-250K. It was sug-
gested that the origin of such a crossover is related to a fragile to strong transition
[30] and ascribed to a change from high-density liquid to low-density upon cooling
[31]. However, the behaviour of the fast process of water is strongly debated. Such
a fast dynamics has been associated with the reorientation of water molecules in so-
lutions [26, 32, 33]. Moreover, it has been noticed that the crossover takes place in
the temperature range where differential scanning calorimetry measurements show
a global glass transition process [25]. Therefore, the crossover has been related to
a confinement effect due to the glass transition of the system. That is, at high
temperature, above the T}, the water molecule reorientation is coupled to the co-
operative motions involved in the global relaxation process of the system. Cooling
down the system above the glass transition temperature, the global dynamics be-
comes too slow and water molecules are trapped in a frozen matrix. Therefore, the
fast process at low temperature shows a behaviour typical of the secondary process
in glass-forming system. Moreover, comparing the Arrhenius temperature depen-
dence of water fast dynamics in the glassy state for several systems (in solution
with biopolymers [34, 35], low molecular weight glass formers [26, 25] and polymers
[25, 36]) a very similar activation energy of ~0.54 eV has been found and a mas-
ter curve for the temperature dependence of water dynamics below the crossover
temperature could be obtained. However, in some systems no calorimetric glass
transition can be observed [37, 38, 39]. Thus, it has also been proposed that the
apparent strong to fragile transition is due to a merging from the observed S-like
water relaxation with a non-observable a-relaxation [28].

1.4 Dynamics in Polymer/Solvent Mixtures

Dynamics in glass-forming materials constitute a complex problem. These systems
displays a variety of dynamical processes, as it has been previously shown. Such
complexity becomes obviously even more intricate if mixtures are considered. How-
ever, mixtures are ubiquitous both in industry as well in nature. In fact, at present,
is quite difficult to commercialize new pure polymers. In practical use, many poly-
meric materials contain low molecular weight additives (plasticizers) to tailor their
physical properties to particular technical needs. Moreover, from a biological point
of view, the presence of water molecules is simply fundamental for the functional
properties of the biomolecules. For these reasons, it is of utmost interest to un-
derstand how the presence of solvent molecules affects the properties of the macro-
molecules and vice versa. In particular, it appears necessary to elucidate the role of
solvent /polymer interactions on their mutual effects on the dynamics.

Among the glass-forming mixtures, a specially interesting situation has been
found for those with large difference in the glass transition temperatures of the neat
components, and in particular for high concentrations of the slower component. This
kind of situation is provided by mixtures of polymers and solvent molecules, for high
polymer concentrations. In these systems, confinement effects on the fast component
have been observed upon the vitrification of the slower component [40, 41, 42]. This
fact has been exploited particularly in the case of aqueous solutions where water
crystallization is avoided and it is possible to study the dynamics of the water
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molecules in the so-called 'no-man’s land’. However, this kind of studies constitute
a challenge from an experimental point of view, since covering a large dynamic
range and selectivity to the different components are required. For this purpose, the
combination of broadband dielectric spectroscopy and neutron scattering techniques
is a suitable tool. The former allows exploring a very wide range in frequency and
might be selective for one of the components if it has a much stronger dipole moment
than the other, while the latter offers selectivity to a given component through
isotopic (H/D) labelling. Such synergetic investigation has been repeatedly carried
out on some concentrated mixtures [43, 44, 41, 42].

These studies and other works performed over many years applying only di-
electric spectroscopy and/or more conventional techniques like e.g. calorimetry or
nuclear magnetic resonance (NMR) have allowed establishing a series of phenomeno-
logical facts on these systems. Regarding the polymer dynamics, it turns out that
the presence of small molecules affects principally the slow processes and the chain
dynamics. The presence of plasticizers leads to a shift toward lower temperature
of the T, (plasticization effect) and so a change on the time-scale of the struc-
tural rearrangements (a-relaxations) of the polymer is found. Moreover, in neutron
scattering experiments [42, 45, 46, 47] an additional stretching of the scattering
functions with respect to that of the bulk component and strong deviations from
Gaussian behaviour in the whole Q-range explored were found. Below 7}, the effects
of plasticizers on the dynamics are not as dramatic as those found for the a-process.
However, they might be also affected. For example, suppression of local motions
related to the S-relaxations has been found in some plasticized polymers [44, 48] .
Moreover, the dynamical changes strongly depend on the character of the solvent.
For example, Bistac et al. studied cast films of poly(methyl methacrylate) in dif-
ferent solutions [49]. They found that different acid-base character of the solvents
implies different effects on polymer dynamics: the presence of chloroform increases
the polymer mobility and the polymer [S-relaxation appears faster in solution; on
the contrary, solutions with tetrahydrofuran, acetone and toluene are characterized
by slower secondary relaxations in comparison with the bulk system.

Many polymers are characterized by the presence of methyl groups in their
monomer. In the glassy state it has been found that the presence of other sur-
rounding faster component — in these cases another polymer— does not apprecia-
bly affect the methyl group dynamics of the polymer, at least in systems exhibit-
ing a weak intermolecular coupling —i.e. poly(vinyl acetate)/poly(ethylene oxide)
(PVAc/PEO) [50] and poly(methyl methacrylate) /poly(ethylene oxide) (PMMA /PEO) [51].
Such behaviour has been related to the rather localized character of the motions
involved. Concerning the vibrational properties of polymers in the glassy state,
hydrated samples show a shift of the Boson peak position toward higher energies
of ~1-2 meV and a decrease of its intensity. Such an effect has been observed for
proteins [52, 53, 54] and for polymers in water solution as PVME [42] investigated
by neutron scattering experiments. It has been proposed that the presence of hy-
dration water affects the protein energy landscape making it more rugged and the
protein state is trapped in a local minimum causing the characteristic Boson peak
frequency to shift to higher values [55]. However, this does not explain the decrease
of the peak intensity. Therefore a comparative study focused on the effect of the
hydrogen bonds on the Boson peak intensity and energy were performed on different
hydrogen-bonded molecular glasses by Yamamuro et al.[56]. In that work, it was
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found that the peak intensity decreases and the peak energy increases as the number
of hydrogen bonds increase.

On the other hand, polymer/solvent interactions also affect the solvent dynamics.
Aqueous concentrated solutions are the most investigated systems due to the enor-
mous interest in the water dynamics in the 'no-man’s land’. In these systems there
is a general agreement about the existence of a crossover from low-temperature Ar-
rhenius to high-temperature non-Arrhenius behaviour of the characteristic times ob-
tained from dielectric spectroscopy and quasi-elastic neutron scattering experiments
—i.e. poly(vinyl methylether) (PVME) [42] , poly(vinyl pyrrolidone) (PVP) [57] , and
polyamide (PA) [41] in aqueous solutions—. Interestingly, such a crossover recently
has been also reported for methyl-tetraydrofuran (MTHF) as minority component in
mixture with polystyrene [58] . Moreover, in these concentrated solutions, a stretch-
ing of the scattering functions and a non-Gaussian behaviour of the water component
investigated by QENS have been found [42] . These effects — also observed in the
polymer component as previously mentioned— were explained invoking on the one
hand a distribution of mobilities for water and polymer components, related to the
structural heterogeneities present in the systems, and, on the other hand, the for-
mation of H-bonds that could slow down the dynamics of polymer molecular groups
adding heterogeneities to the system. Concerning mixtures with solvents different
from water, an NMR investigation on poly(methyl methacrylate)/tri-m-cresyl phos-
phate (PMMA /TCP) revealed a strong difference between the dynamics of the pure
plasticizer (TCP) and the plasticizer in the mixture [59] . In fact, the TCP relax-
ations changes from a stretched exponential decay to a quasi-logarithmic decay in
presence of polymer. This effect has been related to a broadening of the distribution
of the relaxation times due to the polymer matrix.

It is reasonable to attribute to the polymer/solvent interactions a key role in the
dynamical features of the mixtures with high polymer concentrations mentioned
above. In presence of water, the formation of H-bonds plays a crucial part. Consid-
ering pairs of components interacting via weaker interactions, like Van der Waals,
removes such an important ingredient and might shed light on the general problem
of dynamics in concentrated polymer mixtures.

1.5 Objectives

The aim of this Ph.D. thesis is to determine how the presence of solvent molecules
affects the dynamics of a polymer at different levels and how the solvent dynamics
is influenced by the interactions with the polymer. In particular, it is of funda-
mental interest to understand which is the role of hydrogen bonds in this mutual
interplay. For this purpose, a comparative investigation with solvents interacting
differently with the polymers is necessary. Moreover, in order to have a complete
scenario, it is fundamental to investigate the structural aspects of the mixtures as
well. The chosen system in this work was poly(2-(dimethylamino)ethyl methacry-
late) (PDMAEMA) in concentrated mixtures with either tetrahydrofuran (THF)
or water (30 wt%). Regarding the polymer, PDMAEMA is commonly investigated
for the development of materials with antibacterial properties [60]. PDMAEMA
is rich in tertiary amino groups(see scheme in Fig. 1.3) which can be converted
to positively charged quaternary ammonium groups with bactericidal properties.
Moreover it has been investigated to build gene deliveries in the gene therapy field
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Figure 1.3: Chemical formulae of PDMAEMA (a) and THF molecule (b).

[61]. So far, viral vectors are the most used gene carriers. However, due to safety
issues associated with them, i.e. immune responses or gene mutations, it has been
necessary to develop non-viral gene carrier. Among them, polycationic polymers,
as PDMAEMA, are now widely used in gene therapy for their chemical properties
[62]. Both, THF and water are good solvents for this polymer and are available in
their deuterated forms. However, while in aqueous solutions the hydrogen bonds
dominate the solvent /polymer interactions, THF does not interact via H-bonds. Di-
electric spectroscopy and neutron scattering have been combined to determine both
polymer and solvent dynamics. X-ray and neutron diffraction experiments have also
been performed to study the structural properties of the mixtures. The dry polymer
has been also investigated as reference. As a representative concentration, 70 wt% in
polymer (1 THF molecule per monomer and 4 HoO molecules per monomer respec-
tively) was chosen. In addition, a calorimetric and dielectric spectroscopy study as
function of the solvent concentration has been carried out on both THF and water
mixtures.
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CHAPTER

2

EXPERIMENTAL TECHNIQUES AND

DATA ANALYSIS

2.1 Neutron Scattering

2.1.1 Basic properties of neutrons

Neutrons are an extremely versatile probe to investigate condensed matter due to
their unique properties:

1.

Neutrons are neutral particles. They are thus highly penetrating, probing the
bulk properties of the sample.

. Due to the range of wavelengths, neutrons can provide spatial information in

the range from the pico-meter to the 100 um range, i.e, covering inter-atomic
spacing as well as typical sizes of macromolecules.

. Neutrons interact with the sample via nuclear forces, hence the interaction

cross section depends on the internal structure of the nuclei and not on the
mass or electric charge of the whole atom. As a consequence, neutrons are
very sensitive to light atoms like hydrogen, which is difficult to detect by X-
rays since hydrogen bonded with other heavier atoms has often less than one
surrounding electron. On the other hand, they allow isotopic labelling, in
particular by H/D substitution.

Neutrons have a magnetic moment (= —1.913 py) due to the nuclear spin,
hence they are sensitive to the magnetic properties of the sample e.g. magnetic
structures, excitations in solids, etc. ...

Neutrons are in particular useful because their energy and wavelength corre-
sponds very well with the inter-atomic distances and the typical excitations in con-
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Figure 2.1: Geometry of a neutron scattering experiment

densed matter [63, 64, 65, 66, 67] . In fact the kinetic energy of a free neutron
is

1
Eyin = émNUQ

p2

2mN
h2
2mN/\2

The neutron mass is my = 1.675 x 10727 Kg and for A = 1 A the corresponding
energy results Fy = 81.8 meV while the equivalent energy for X-ray would be
E, = 12,5 KeV. The basic physical magnitudes which give information about
the neutron scattering process are the energy transferred Aw and the momentum
transfer Q.

hw = F E—h2k2 k2 2.2
= E~Ey = (¥ ~ k) (2:2)

In figure 2.1 the scheme of a neutron scattering experiment is shown. The neutron
beam, characterized by an initial energy Fy and initial wavelength kg, is incident on
the sample. The neutrons scattered by the sample in the solid angle €2 are character-
ized by a final energy E and wave-vector k. The scattered neutrons will be counted
by the detectors spanning such solid angle. If the neutron is scattered without ex-
changing energy with the nuclei of the sample, that is £y = F, the scattering process
is defined as elastic. This kind of experiment allows to study the structure of the
system under investigation. Otherwise, if the neutron is scattered exchanging energy
and momentum transfer with the sample due to processes occurring with discrete
energy steps (vibrational modes, stretching modes, ...), the process is called inelastic
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scattering. Finally, if neutrons exchange a small amount of energy with the sample
(hw = peV), less than the minimal energy amount necessary for an excitation, such
exchange is observed as a broadening of the elastic peak and the scattering process
is called quasi-elastic. The study of this process is very adequate to probe rotations
of small molecular units, local motions, and structural relaxations.

2.1.2 Differential cross-section

The magnitude measured in a neutron scattering experiment is proportional to the
double differential cross section that gives the probability that a neutron, with inci-
dent energy Ej, leaves the sample in the solid angle element d§2 around 2 and with
energy exchange comprised between fiw = F — Fy and h(w + dw) and is defined by
the equation:

o C

000w  nPNAQAw
where @ is the flux of incident neutrons, C is the count rate in the detector with
efficiency n and N is the number of atoms in the sample. Measuring the double
differential cross section for all the energy transfers E we obtain the differential
cross section:

(2.4)

oo 0%*c
o / Eo00E (2:5)

Considering neutrons scattered by a sample undergoing a change from a state g

to a state A while the state of the neutron changes from (kg,00) to (k,o), the
corresponding differential scattering cross section is given by:

do 1
G_Q = mwko,oo,)\oﬁk,a,)\
where Wy, 5, 20—k.o.x 1S the number of transitions per second from the state ko, o¢, Ao
to the state k, o, \.
The right-hand side of the above equation is evaluated by using the Fermi’s
golden rule:

(2.6)

21 2
Wio.00 o—ki,o0, 0 = 7 k1,01, M|V ko, 00, Ao) | Pxron (1) (2.7)

where V' is the interaction potential between the incident neutron and the target
sample that causes the transition, and py, is the density of the final scattering states
per unit energy range. To evaluate the latter, we consider a large box of volume L3
and the initial and final state of the neutrons expressed by

1 e
wko(r) = L3/2e(1ko ) (28)
and
1 (ik-r)
wk(r) = me (29)

In order to keep the solutions in the form of plane waves, periodic boundary condi-
tions have to be applied, namely
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Yi(r + La) = ti(r) (2.10)

where L, is any of the edge vectors of the cubic box. This leads to the expression
of the wave-vector as

27
LQ(
with m,n,p integers. In the momentum space dk = k2dQdk, thus it follows from

(2.11) that each extremity of a moment vector occupies in the reciprocal space a
volume equal to (27/L)3 and the density of final states is such that

k = mL, + nL, + pL.,) (2.11)

I3
p(k)dk = (—> k2A0dk (2.12)
27
Changing to energy space, considering E = h?k?/2m, we obtain

L\ mk?
p(E)dE = (2—> %deE (2.13)
m

It follows, integrating over the energy, the equation for the density of the final
scattering states per unit energy range:

L 2
) LR (2.14)

p(E) = (% s

To obtain the cross-section we have now only to determine the incident flux of
neutrons ® that, with the aid of De Broglie relation, p = hk, can be written as:

(% 1 hk’o
R (2.15)
Hence, from (2.7) (2.14) (2.15) :
do 1k m)\’ 2
— = —— | == k k 2.1
o9 Nko(th) (Ao |V lkorooo) (2.16)

Finally we obtain the double differential cross section from (2.16) incorporating the
energy conservation hw = FE — FEjy:

do 1k (m 2

ONOE Nk (27rh)
From experimental results we know that the nucleus-neutron interaction has a very
short range of the order of 107'® em therefore much smaller than the wavelength of
low energy neutrons. Moreover the nuclear radius is only about an order of mag-
nitude larger than the neutron one. It follows that the neutron-nucleus scattering
is isotropic and can be characterized by a single parameter b called the scattering

length. Therefore, the interaction potential between the neutrons and the sample
can be described by the so-called Fermi pseudopotential:

2

O(hw + E — Ey) (2.17)

<k)\0'|V’k0>\00’0>

QWtha (r—R (2.18)
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with R; and b; respectively the vector position and the scattering length of the i-th
nucleus. Thus

(k|V ko) = Zb /drexp (—ik - 1)0(r — R;)exp(—ikg - 1)
(2.19)
= Zbi exp(1Q - Ry)

with Q = k — ko. Substituting (2.18) and (2.19) in (2.17) and considering, for
simplicity, an unpolarized neutron scattering experiment, the master formula results:

8(hw + FE — Ey) (2.20)

anE ZPAO Z ’ (A Z bie '

where p), is the probability to find the sample in the initial state A.

In a real experiment, the intensity measured is not the double differential cross-
section for a process in which the sample goes from a specific state to another,
therefore it is necessary to sum over all the final states A, keeping \q fixed, and then
average over all the initial states. To carry out this task the Heisenberg operators
and a representation of the delta Dirac function by an integral over time are used.
The final expression is called real-time representation of the double differential cross
section

80' . 1k 7zwt * ZQ -R;(0))
o = Nko/_ dth ) (2.21)

2.1.3 Coherent and Incoherent Scattering

In order to derive Eq. 2.21 we assumed a system of N chemically identical particles,
but even in a monoisotopic system there may be variance of scattering lengths due to
the disorder of the nuclear spin orientation, since the scattering length also depends
on the combined spin state of the scattered neutron and the scattering nucleus.
Let now assume that the nuclear spins and the isotopes are randomly distributed
in any atomic configuration and let b; denote the average scattering length for a
given atomic species. We can explicitly split the terms in the sum in (1.18) into the
average values and the deviations from the average:

Zb;‘bjeiQ[Ri(t)_Rj(o)] — Z(b*b +bb; — b*b ) [R;(t)—R;(0)]

irj
_ ZnggjeiQ[Ri(t IS Z (b¥b; — brb, [Ri(t)=R;(0)]
4]
(2.22)

We can consider the sample to be as an ensemble of a large number of independent
'subsamples’ and so the cross-section will be an average over all these ’subsamples’.
The first sum on the right side of (2.22) is the same for all the subsamples, and it is
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called ”coherent” scattering. Since under ordinary conditions isotopes and nuclear
spins are fully randomly distributed in the sample, there is no correlation between
the occupation 7 and j. Therefore, if ¢ # j

(bt — bib) = () {by) — BBy =0 (2.23)
while for ¢ = j
(bib; — bib;) = (bf)(b;) — bib; = (b™)* (2.24)
with
b =/ (07) — b} (2.25)

called incoherent scattering length. Substituting (2.23) (2.24) in (2.22):

Oo - 1 k —dwt XA iQ[R;(0)—R;(1)]
90E Nko/e dt(zwilwe '

i?j

+Z ((brb; — biD; [Ri(0)— R()])
L 757\ QIR (0)—Ry (1) inc)2) QIR (0) R (1)
— Nk_o/e dt(Z(bib) g +Z (]

(2.26)

In Eq. 2.26 the first sum in the right side represents the coherent double differential
cross section and depends on the correlation between the position of the atom 7 at
time 0 with an atom j (which can be different from 7 or also i) at time ¢, while
the second sum represents the incoherent double differential cross-section which
depends on the correlation between the position of the same atom 7 at different
times. Defining the coherent dynamic structure factor and the incoherent dynamic
structure factor as:

Sinc(Q7w) = Z/e_thdteiQ[Ri(O)—Ri(t)] (2.28)

and the coherent cross-section and the incoherent cross-section as:

Teon = 4m(b)?

Oine = AT ((b%) — (b)?) (2.29)

we can finally write the double differential cross section as combination of a coherent
and incoherent part as shown in the equation:

do do do
900F (898E>Coh+ <8§28E>mc (2:30)

with
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2.1. NEUTRON SCATTERING

do 1 k on
(698E)Coh = N ar Q@)

do 1 k oipe
(—8Q8E)W = Ny an el Q)

The cross-sections in Eq. 2.31 are factorized in three independent components: (i)
the ratio of the wave numbers k and ky characterizing the scattering process, (ii)
the total scattering cross-section o depending on the composition of the sample and
(iii) the dynamic structure factor S(Q,w) and the incoherent scattering function
Sine(Q,w). The structural and dynamical properties of the scattering sample are
fully described by S(Q,w), while S;,.(Q,w) provides information on self-atomic
motions (and no structural information).

(2.31)

2.1.4 Correlation Functions

We can define the dynamic structure factor S(Q,w) as the time-Fourier transform
of the intermediate scattering function 1(Q,t)

SQuw) = 5 [ Qe
2T oo (2.32)
Sinc(Qaw) = ! / ]mc(Qat) e_iwtdt

_%_oo

with

1Qu1) = 5 S(exp(iQ - Ru(t)exp(—iQ - R,(0))

U (2.33)
Tne(Q1) = 1 3 (exp(iQ - Ralt)exp(~1Q - Ri(0)

)

We can also obtain the space-time correlation function and the self space-time corre-
lation function, also called Van Hove correlation functions by the Fourier transform
in space of (2.33) :

Glr,t) (2;)3 / 4Qe"1(Q, 1)
(2.34)
Gy(r,t) = (2i>3/dQeiQ'rImC(Q,t)

Introducing the definition of intermediate scattering function (1.30) in (1.31) we
can write the Van Hove correlation function under the form of a pair-correlation
function:

G(r,t) = % Z / (6(r — ' + Ry(0))6(r' — Ry(t)))dr’ (2.35)
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Now, if we define the microscopic particle density operator
=) 6(r—Ry(t)) (2.36)

it follows that (1.32) can be written as:

) = / p(r', 1))dr (2.37)

with the condition of normalization

/G(r,t)dr =N (2.38)

Introducing the Fourier components py(t) of the particle density

1 .
p(r,t) = ok /pk(t) exp(iK - r)dK (2.39)
it follows that: )
1Q.1) = {ra0)p-alD) (2.40)

The intermediate scattering function, and thus S(Q,w), are now expressed in terms
of the density-density correlation function: the interaction potential couples the
neutron to the density of the target system and S(Q,w) is thus determined by
spontaneous density fluctuations in the sample, giving information on its structure
and its dynamics. Moreover, under the classical approximation (|fw| < kgT) we
can express the space-time correlation functions as:

G (r,t) = — Z r — R;(¢) + R;(0)))
(2.41)
G r,t) = NZ r — R;(t) + R;(0)))

Thus, G%(r,t)dr and G%(r,t)dr represent the probability that, given particle i in
the origin at time ¢ = 0, any particle j, or only the same particle ¢ in the self case,
is in the volume dr around position r at time t. There are two special cases of the
Van Hove correlation functions that result to be of particular interest. At t = 0 we
have:

G(r,t =0) = 5(r)

Gue.t = 0) = 5(x) + g(r) (242)

where ¢(r) is the instantaneous pair correlation function accessible through diffrac-
tion experiments. By using 2.42 we obtain

S(Q) =1+ /_00 S(Q,w)dw = /_00 g(r)e'¥dr = 1(Q,t = 0) (2.43)
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2.1. NEUTRON SCATTERING

2.1.5 The elastic incoherent structure factor

Another important case related to the correlation functions is how they behave
at very long times. Considering an atom diffusing in a space which is very large as
compared to the inter-atomic distances, the self-correlation function G(r, ) vanishes
for t — oo, whereas if the atom is bound to a finite volume G,(r, 00) approaches
a finite value with r varying in the volume. Mathematically, the self-correlation
function can be split in two parts: its asymptotic value in the infinite time limit and
a time-dependent term G',(r,t):

Sine(Q,w) =5 /+0<> /+0<> HQr=wt@ (1, 00) + G (r, t)]drdt (2.44)

that gives

Sinc(va) = S’Z%LC(Q)(S( ) S;Zc(va) (245)
Thus, the incoherent scattering function has been decomposed into a purely elastic
line, Sffw(Q)é (w), and an inelastic component, S (Q,w). The concept of the elas-
tic incoherent structure factor (EISF) provides a method that permits to extract
geometrical information on localized single-particle motions by the determination of
the elastic fraction of the measured spectra intensity. Moreover, selecting the ap-
propriate instrumental energy resolution and under the condition that the motion
is sufficiently well separated on the energy-scale from slower motions of the same
atom, it is possible to isolate the EISF of a specific component.

2.1.6 Separation of coherent and incoherent scattering by
using polarization analysis

In order to simplify our presentation of the double differential cross section, an
unpolarized neutron beam has been assumed. However, in many cases it is very
important to separate the coherent and the incoherent contributions to the scat-
tered intensity. This is possible by using a polarized neutrons beam. Neutron is
characterized by spin 1/2 and its direction could change in the scattering process
depending on the nuclear spin: coherent scattering is given by neutrons that do not
change their spin direction while scattered. On the contrary neutrons changing the
spin direction give an incoherent contribution. The scattering length b depends not
only on the isotope type but also on its spin orientation. The dependence of nuclear
scattering on neutron spin requires the definition of the scattering length operator b
with eigenvalues b, and b_ corresponding to a parallel or anti-parallel, respectively,
orientation of the neutron with the nuclear spin I. Mathematically:

b= A+ Bl (2.46)

where A and B are scalar values, [ is the nuclear spin operator and ¢ is the neutron
spin operator defined by Pauli matrix. Considering the z axis, in the case of a
non-spin-flip (NSF), we obtain

(£]b|+) = (+|A+B6I|+) = (£ | A+ BIL | +) (2.47)
while for a spin-flip (SF)
(£[b|F) = (F|A+BoI|F) = (| B(L£1)|F) (248)
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Table 2.1: Neutron scattering cross sections and scattering lengths for different

isotopes
beo, (fm) | bjne (fm) | oeon (barn) | oipe (barn)
H -3.74 25.27 1.76 80.27
D 6.67 4.04 5.59 2.05
C 6.65 0 5.56 0
O 5.80 0 4.2 0
N 9.37 2 11.03 0.5

Considering a coherent scattering process, which probability is proportional to |b|?,
and isotopes with randomly oriented nuclear spin, (I,) = (I,) = (I,) = 0, eq.
2.47-2.48 result in:

NSF — |b| = (A+ BL) = A+ B(L) =, A (2.49)

SF — || = (B(L, £ 1,)) = 0 (2.50)

therefore, just neutrons that do not flip when scattered can contribute to the
coherent component. On the contrary, the incoherent scattering proportional to
[[62| — [b|%], will have both NSF and SF contributions:

NSF — [|b?] — |b*] = (A? + BI? + 2ABI, — A%

= BYI?) = B2%I(I+ 1) (250)

SF — [|t?] - bf2] = (B2 + I2)) = B?%J(H 1) (2.52)

Hence, from calculations, the SF incoherent contribution results to be double than
the NSF. Finally, analysing the polarization of the incident and scattered neutron
beam, we can directly separate the incoherent and coherent contribution:

. B do NSF+ do SF B 3]
inc — a0 a0 . - 9 SF

inc

do NSF do NSF 1
Invse = (22 il Y
o (dQ)coh " <dQ> i on - 2 -

wmc

(2.53)

(2.54)

2.1.7 QENS in soft matter

Quasi-elastic neutron scattering is a very suitable tool for the study of the dynam-
ical processes in soft matter due to the neutron properties and to both time and
spacial resolution of QENS instruments. In fact, quasi-elastic spectrometers cover
time-scales in the range ~ 107'-10? s and length scales in the range ~ 1-30 A.
That is, they allow us to study directly the typical dynamical processes occurring in
soft matter systems, from the fast (i.e. vibrations, rotations and localized motions)
to the slow motions (i.e segmental relaxations and diffusion). In a fully protonated
sample, the signal is dominated by incoherent scattering from hydrogens (because of
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the large value of o;,.)(see Table. 2.1). In these systems, we can obtain information
on the self-motion of the hydrogen atoms of the sample. The cross-section of D is
much smaller than that of hydrogen (see Table. 2.1). Therefore, substituting H by D
the incoherent contribution is drastically reduced [68] . Thus, selective deuteration
masks the contribution of the deuterated atoms and the signal is dominated by the
incoherent scattering of the remaining hydrogens in the sample (Eq. 2.26). In soft
matter systems, hydrogens are the most common atoms, therefore this feature has
been greatly exploited. In fact, selective deuteration allows two kind of studies. In a
partially deuterated sample, the incoherent scattering of the hydrogen atoms domi-
nates in the high Q-range allowing us to study the self-motion of the hydrogens in
a deuterated environment. This feature has been widely used in the studies of mix-
tures —i.e. polymer blends [43, 69, 51] and polymer solutions [42, 41| —. On the other
hand, the major contribution to the scattering by H/D labelled sample in the low
Q-range is given by the coherent scattering from the contrast between the labelled
objects and the matrix. In this framework, it is possible to access the dynamic struc-
ture factor of isotopically labelled macromolecules and its static counterpart, that
is the chain form factor. Diffraction experiments on these samples provided experi-
mental evidences for the random coil conformation of macromolecules [70, 71] , while
dynamic measurements gave fundamental contributions on the Rouse-like chain dy-
namics [8, 72| . Finally, the intensity scattered by fully deuterated samples is mainly
coherent,allowing to investigate the collective dynamics of the system through the
dynamic structure factor, where all atomic pairs contributions are equally weighted
(Eq. 2.26).

We can find QENS investigations spanning from the simplest molecular liquids
to complex biological systems, including liquid crystals, polymers, solutions, and
gels (some examples have been already mentioned above). In glass-forming systems,
QENS spectrometers have been successfully used to study the structural (a—) relax-
ations in simple polymeric systems, like homopolymers [73, 74], and in more complex
scenarios, line polymer blends [75, 76, 51] as well. Moreover, QENS experiments were
performed on glassy system studies regarding local dynamical processes, i.e. methyl
groups dynamics [77] and secondary relaxations [69, 78]. Remarkable investigations
have been carried out on confinement effects on the dynamics in soft matter systems.
Such spatial restriction can arise in conditions of high dynamic asymmetry, as in
polymer blends and high polymer concentrations, or can be imposed under precisely
determined geometries, like in thin films or pores. As mentioned in the Introduction,
the case of confined water deserves special mention. Due to the fundamental role
that water molecules play in biological systems, the study of its dynamics has raised
an enormous interest.

2.1.8 Neutron scattering instruments

Time-of-flight spectrometers

A neutron time-of-flight spectrometer provides information on the neutron energy
transfer hw by measuring both the time that a neutron needs to reach the sample
from a known starting point and the time it needs to reach the detector after the
scattering process. The monochromatization of the incoming neutron beam can
either be done by Bragg reflection from a crystal or by a sequence of choppers which
are phased in order to transmit a single wavelength only. The former principle
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Figure 2.2: Geometry of the ToF spectrometer FOCUS,PSI, Villigen.

usually yields higher intensities while the latter is more flexible for the selection of
the incident energy. Hence, a further chopper defines the start time of the neutrons.
The electronic pulse from their registration in the detector gives the end of their
flight through the spectrometer. From the time difference we obtain the velocity of
the neutrons and so the energy transfer (2.55)

12
hw = . - 1) E 2.55

((ZO AV E1/7/nntfl'ight)2 ( )
with m,, the neutron mass, [ is the distance between the sample and the detector, [;
is the distance between the chopper and the sample, t ;45 is the time it takes a neu-
tron to arrive to the detector and F is the incident energy. Depending on the desired
incident wavelength, the instruments are constructed either using thermal neutrons
(directly from the reactor moderator, A,.. ~ 1.8A) or cold neutrons (A & 4A).
Thermal neutrons make a larger () range accessible while cold neutrons yield better
energy resolution. A variant of the ToF spectrometer exists on spallation sources,
the inverse time-of-flight spectrometer. The neutrons produced from spallation are
pulsed, the start of the ToF clock is given directly by the creation time of the pulse
and so, in principle, there is no need for a chopper. In this way all neutrons can
be used in contrast to conventional ToF spectrometers which use only a few per-
cent. In this work different time-of-flight spectrometers (FOCUS, TOFTOF, IRIS)
were used to increase the accessible time-window range. FOCUS (Fig. 2.2 is a time
and space focusing time of flight spectrometer for cold neutrons located at the end
of the curved guide RNR 11 at the Paul Scherrer Institut (PSI)(Villigen, Switzer-
land). The white beam is reduced and then chopped by a pre-selector disc chopper.
For incident wavelengths larger than 4 A a Be-filter is used together with the first
chopper to suppress higher order contamination. The distances neutron guide -
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Figure 2.3: Geometry of the ToF spectrometer TOFTOF,MLZ,Garching.

monochromator and monochromator-sample are both variable such that the spec-
trometer can be operated either in time focusing or monochromatic focusing mode,
hence being suited for quasi-elastic or inelastic scattering, respectively. TOFTOF
(Fig. 2.3) is a direct geometry multi-chopper time-of-flight spectrometer operated
with cold incident neutrons located at the Heinz Maier-Leibnitz Zentrum (MLZ) in
Garching, Germany. Changing the chopper rotational frequency and adjusting the
incident wavelength the resolution can be adapted to the needs of the experiment
between 2 peV and 3 meV. IRIS, situated at ISIS (Didcot, UK), is a time-of-flight
inverted-geometry crystal analyser spectrometer (Fig. 2.4) designed for high resolu-
tion inelastic spectroscopy. Neutrons scattered from the sample are energy-analysed
by means of Bragg reflection from one of two large single crystal arrays (pyrolytic
graphite and muscovite mica) in close to backscattering geometry. The two analyser
banks, which can operate simultaneously, afford high resolution over wide energy and
momentum transfer ranges (see below, backscattering conditions). Moreover, in or-
der to obtain data with large energy transfers, TOSCA spectrometer (ISIS, Didctot,
UK) was used. TOSCA is a high resolution inverted-geometry inelastic spectrometer
optimised for the study of molecular vibrations. It spans an energy-transfer range
up to 500 meV. Scattered neutrons are Bragg reflected from a pyrolytic graphite
analyzer and higher-order reflections beyond (002) are suppressed by a cooled Be
filter defining a unique final energy of ~4 meV. The incident neutron energy is de-
termined from the measured total time of flight, ¢, through the following kinematic
relation: ’

_ Lo b

Vo V1

t (2.56)

where Ly, L1, vy, v1 are incident (0) and scattered (1) flight-path length and neutron
velocities, respectively. The detector array is comprised of a total of ten banks each
having thirteen 30 X 1 cm? 3He tubes.

Backscattering spectrometers

Some relevant motions in soft matter are usually very slow and therefore difficult
or impossible to be resolved by ToF, requiring pushing instrumental capabilities as
much as possible to improve resolution. In a ToF experiment the energy resolution
is limited by the selectivity of the monochromator crystal or the pulse lengths given
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by the choppers that can be very small but at the expense of the intensity. If
perfect crystals are used, the spread of the selected wavelength AX/) is determined
by the angular divergence A« of the reflected neutrons. Differentiating the Bragg
conditions A = 2sin #/d one obtains:

AN/ X = cot - Ab (2.57)

This expression becomes zero for 20 = 180° that means that the wavelength
spread becomes minimal if the neutron beam is reflected by 180°. This is the princi-
ple of backscattering instruments that allows improving resolution in a very efficient
way. Figure 2.5 shows schematically the instrument based on this principle. The
first crystal in the beam is only a deflector with low wavelength selectivity. The
actual monochromatization takes place upon the second reflection by the crystal
in backscattering position. The monochromatized neutrons are then scattered by
the sample which is surrounded by analyser crystals placed on the spherical sur-
face. There they are scattered again under backscattering conditions. The reflected
neutrons pass once more through the sample and finally reach the detector. This
experimental setup yields two technical problems: i) the deflector must not accept
all neutrons otherwise the monochromatized beam would be scattered back into the
source, ii) the second passage of the neutrons through the sample causes additional
multiple scattering. To investigate our system SPHERES (MLZ, Garching) has been
used (Fig. 2.6 ). It is a third generation backscattering instrument with focussing
optics and phase-space-transform chopper.

Diffraction with polarization analysis: DINS

DNS is a diffuse scattering cold neutron time-of-flight spectrometer with both lon-
gitudinal and vector polarization analysis. This allows the unambiguous separation
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Figure 2.5: Schematic setup of a backscattering spectrometer

of nuclear coherent, spin incoherent and magnetic scattering contributions simul-
taneously over a large range of scattering vector Q and energy transfer E. It is
equipped with a horizontally and vertically focusing monochromator, and a wide
angular range around the sample is covered with detectors. A layout of the instru-
ment is shown in Fig. 2.7. The monochromatic incident beam is polarized with a
focusing supermirror bender, xyz-field coils allow for a change of the polarization at
the sample, and the polarization analysis is performed with supermirror analysers
in focusing arrangement in front of each detector.

2.2 Dielectric Spectroscopy

Dielectric spectroscopy is a suitable tool to study the dynamics of polymeric sys-
tems and soft materials in general. It involves the interactions of electromagnetic
waves with matter in a frequency range comprised between 107¢ and 10'? Hz where
molecular and collective dipolar fluctuations, charge transport, polarization effects
occur [79] .

2.2.1 Dielectric Permittivity

Consider a pair of parallel plates of indefinite extent carrying equal but opposite
charges of density o = gq/A. The Gauss law integration over a cylinder whose faces
of area, A, enclose one of the plates gives:

DA = g¢q (2.58)

with D the displacement field and q the charge inside the area. In vacuum the dis-
placement and the electric field are related by the dielectric permittivity of vacuum
€0

D = ¢E (2.59)
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Thus by (2.58) and (2.59) we obtain:

D =9¢

2.60
EoE = 0 ( )

Adding a dielectric material between the charged plates, the electric field will act

on it polarizing the constituent matter. In the unpolarized state the centers of the

negative charge clouds and positive nuclei coincide, while, in the presence of the

field, they will be displaced yielding an excess charge of opposite sign on the plates.
This latter charge is denoted as ¢’ and the electric field becomes

coFE =o0—0o (2.61)

The induced surface charge density ¢’ is due to the molecular polarization P.Ina
given point:

-1
P =- 1 2.62
~D i (2.62)
where v is the volume and /; is the permanent dipole moment. Thus, in general:

D =¢E+P (2.63)

In homogeneous and isotropic materials the polarization is proportional to the ap-
plied electric field

P = xeoF

D = (1+X)&E (2.64)

where y is called susceptibility. Finally we can define the relative dielectric permit-
tivity as
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€ =ltx (2.65)
D = ey

In general, a material cannot polarize instantaneously in response to an applied
field (Fig. 2.9) making e time (frequency) dependent. In polymeric systems the
rotational fluctuations of molecular dipoles are very relevant. These fluctuations
are related to characteristics parts of a molecule or to the whole chain. Hence, the
investigation of such relaxation processes analysing the dielectric function gives us
information about the molecular dynamics of the system. The electric field causes
only a minor perturbation on the distribution of dipolar orientations, that means
that the response is given by the same molecular motions that are taking place even
in absence of the field. If the molecular motion is slow, the dipolar reorientation
in the field will be slow, whereas rapid molecular motions lead to rapid dipolar
reorientation.
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2.2.2 Dielectric relaxation theory

Consider an outer disturbance z(t) acting on a system and causing the response y(t)
and assume linearity and causality, therefore the response y(¢) can be described by
the linear equation

Y(t) = Yoo + / j(t—t’)dzg)dt’ (2.66)

—0o0

J(t) is the so-called memory function which can be consider as the time depen-
dent response to a step-like disturbance. If we have a periodic disturbance z(t) =
roexp(—iwt), in the stationary case one finds:

T w) = J (W) —iJ (W) = JOO_/OOO dil(:)

with J*(w) is the generalized complex susceptibility. Again partial integration leads
to

exp(—iwt)dr (2.67)

(W) —iJ " (w) = J, —iw /000 J(7)exp(—iwt)dr (2.68)

/

JH(w) = J

The dielectric relaxation theory for a small electric field is a special case of linear
response. Consider an isotropic system, the response y(t) of a system following a
disturbance z(t) can be described by a linear equation. In dielectric spectroscopy the
disturbance is the time dependent external electric field z(¢) = E(t) and the response
is the polarization y(t) = P(t). Therefore, in agreement with linear response theory:

P = Puta [ fe(t-1) - 50

where €(t) is the time dependent dielectric function and P,, covers all the fast
contributions coming from induced polarization. Applying a periodic disturbance
E,(t) = Egexp(—iwt), equation (2.69) becomes:

d’ (2.69)

P,(t) = eo(e"(w) — 1)E,(t) (2.70)
with

e (w) = € (W) — i€ (W) (2.71)

where €*(w) is the complex dielectric function. The real part is proportional to the
energy stored reversibly in the system while the imaginary part is proportional to
the energy loss. The ratio between the energy loss and the energy stored is the loss
tangent (tan(d) = € /€'). The complex dielectric function and the time dependent
dielectric function €(t) are connected by:

’ " oo de(t)

€(w) = € (w) —ie (W) = € — /0 Texp(—iwt)dt (2.72)

The dependence on angular frequency of the complex dielectric function is due to
the different processes: (i) microscopic fluctuations of molecular dipoles, (ii) the
propagation of mobile charge carriers, (iii) the separations of charges at interfaces
giving rise to an additional polarization.
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2.2.3 Dielectric spectroscopy instruments

The dielectric experiments were performed at the Materials Physics Center - Centro
de Fsica de Materiales (CFM) in San Sebastidn. The complex dielectric €* has
been measured using the broadband dielectric spectrometers Novocontrol Alpha for
the frequency range investigation between 1072 to 10° Hz, while the high frequency
measurements (10%-10%) have been performed using an Agilent rf impedance analyzer
4192B.

Fourier correlation analysis

The complex dielectric function, defined as Eq. 2.71, can be derived at low and
intermediate frequencies (1073-107 Hz) by measuring the complex impedance Z*(w)
of a parallel plate capacitor. In fact, for a capacitor C* filled with a material under
study the complex dielectric function is defined as:

Fw) = € (w) —ie (W) = = (2.73)
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Figure 2.10: Scheme of a Fourier correlation analyser [80]

where Cj is the vacuum capacitance of the arrangement. Considering that the
complex capacitance is related to the complex impedance as:

1
C*(w) = —— 2.74
(w) = - o7 (@) (2.74)
using Eq. 2.74 in Eq. 2.73 we obtain:
1
(W)= —— 2.75
¢ (w) iwZ*(w)Cy (2.75)

A convenient way to determine the complex impedance Z* is using a circuit as
that illustrated in Fig. 2.10 plus a correlation analysis of the measured voltages. A
sine wave voltage U (w) is applied to the sample capacitor and the sample current
I (w) is measured by convert it into a voltage with a resistor U;(w) = I (w)R. The
complex sample impedance Z(w) is simply calculated from the measured data by:

s ) e

where UZ(w) is the sample voltage.

However, this set-up with the resistor R suffers from several limitations. At
low frequencies the high impedance limits sensitivity because of the extremely low
current to be detected. Furthermore, at high frequencies the measured current can
be significantly influenced by small inductances (cables) and contact quality when
the sample impedance is small. Therefore, a combination of the Fourier correlation
analysis and dielectric converter is normally used to overcome these problems. The
converter consists in an electrometer of variable gain to match the huge impedance
range required for dielectric relaxation spectroscopy. In addition, in order to im-
prove the measurement sensitivity, the combined measurement under the very same
conditions for the sample of a reference capacitor Zj,(w) can be performed. By do-
ing so, the measured impedance for the sample results independent of the varying
circuit elements. In summary, the combination of Fourier correlation analysis with
dielectric converter and reference capacitor measurement allow performing dielectric
experiments over a broad frequency range with a high accuracy.
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Figure 2.11: Scheme of the coaxial line reflectometer with sample head [80]

RF Reflectometry

In the frequency range 10°-10° Hz the measurements of the sample impedance start
to be significantly affected by the circuit elements. This results in the presence of
standing waves which contribution cannot be neglected. This can be avoided by
means of microwave techniques taking into account the measurement line as the
main part of the measured impedance. In Fig. 2.11 the scheme the measurement
technique used to investigate the sample at high frequencies is shown. The sample
capacitor is used as the termination of a precision coaxial line. The complex reflec-
tion factor r* of the line (length 1) depending on the sample impedance is measured
with a microwave reflectometer. The incoming and reflected waves are separated
with two directional couplers and are measured in amplitude and phase. The com-
plex reflection coefficient r* is defined as the ratio of the complex amplitudes of
these two waves at the point of reference.

X - r*efl(l’)
r*(z) = T ) (2.77)

mc

The resulting spatial dependency for the complex amplitude of the total voltage
U*(z) and the total current I*(z) are respectively:

U(z) = U (2)(e7P% 4 r*(2)e™) (2.78)

wmc
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* _ Uz*nc(m) U:efl(x) _ U;;’Lc(x) —ifx * iBx
I"(z) = 7 + 7~ 7, (e + 7% (x)e”?) (2.79)

where Zj is the characteristic impedance of the transmission line. From Eq. 2.78-
2.79 we obtain that at x = 0:

U*(w) R
I*(w) 1—r*

ZH(w) = Zy (2.80)
This equation shows that this method is suitable as far as the sample impedance is
of the same order than the line impedance Zj, thus limiting the frequency range for a
given set-up. Moreover, in order to perform experiments in this frequency range, the
characteristic propagation of the system has to be carefully controlled. The actual
experiment usually involves a calibration procedure, where well known impedances
have to be used. The analysis of these signal measured over the complete frequency
range allows modelling the characteristic line propagation.

2.3 Complementary experimental techniques

2.3.1 X-ray diffraction

Wide angle X-Ray scattering

Wide Angle X-Ray Scattering (WAXS) measurements to decipher the short-range
order were performed on a Bruker D8 Advance diffractometer working in parallel
beam geometry. By using a Gobel mirror, the originally divergent incident X-ray
beam from a line focus X-ray tube (Cu, operating at 40 kV and 40 mA) is trans-
formed into an intense and parallel beam that is free of K3 radiation. The parallel
beam optic required in the secondary beam path is achieved by an equatorial axial
Soller slit of 0.2°. The linear detector LYNXEYE used presents an active area of
14.4 mm x 16 mm.

Small angle X-Ray scattering

Small Angle X-Ray Scattering (SAXS) was used to probe the large-scale structure.
Experiments were conducted on a Rigaku 3-pinhole PSAXS-L equipment operating
at 45 kV and 0.88 mA. The MicroMax-002+ XRay Generator System is composed
by a microfocus sealed tube source module and an integrated X-Ray generator unit
which produces CuK transition photons of wavelength =1.54 A. The flight path
and the sample chamber in this equipment are under vacuum. The scattered X-
Rays are detected on a two-dimensional multiwire X-Ray Detector (Gabriel design,
2D-200X). This gas-filled proportional type detector offers a 200 mm diameter active
area with c.a. 200 micron resolution. The azimuthally averaged scattered intensities
were obtained as a function of wavevector q, ¢ = 47rA"'sin(). Reciprocal space
calibration was done using silver behenate as standard.

2.3.2 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a technique of thermal analysis widely
used in the investigation of polymer materials. The heat flow rate difference into
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Figure 2.12: Comparison between Debye function (Eq 2.81) and Cole-Cole function
(Eq 2.82) with 8 = 0.5.

a substance and a reference is measured as a function of temperature while the
substance and reference are subjected to a controlled temperature program. Among
the applications of DSC, the easy and fast determination of the glass transition
temperature, the heat capacity jump at the glass transition and the melting and
crystallization temperatures are the most relevant in this work. A special type
of DSC is the modulated differential scanning calorimetry in which a temperature
modulation is overlaid on a linear heating or cooling rate. This technique has a
number of advantages, above all the simultaneous measurement of heat effects that
are reversible and not reversible at the timescale of the oscillation.

2.4 Models and Interpretation

2.4.1 DS: relaxation processes data analysis

In dielectric spectroscopy, relaxation processes are characterized by a peak in the
imaginary part € and a step-like decrease of the real part € (w) of the complex
dielectric function €* = € (w) — i€ (w) with increasing frequency. The frequency of
maximal loss v, is related to a characteristic relaxation rate w, = 27y, or relaxation
time 7, = 1/w, of the fluctuating dipoles. From the shape of the loss peak the
distribution of relaxation times can be deduced by using model functions. The
easiest model is the Debye function:

. Ae
€ (w) = €xo T m (281)

where Ae = €, — €, is the dielectric relaxation strength with e, = limg,,« ¢ (w)
and €; = limy,s € (w). The Debye relaxation time 7p is related to the position of
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Figure 2.13: Representive intermediate scattering functions for a diffusive-like
process (a) and for a localized process (b).

maximal loss by w, = 27v, = 1/7p. The loss peak is symmetric with a half width
wp of 1.14 decades. Commonly the half width is much broader than the predicted
by (2.81) and the shape can be also asymmetric. A symmetric broadening of the
dielectric function can be described by the Cole-Cole function:

Ae

(1 -+ in C’C)B
where 0 < 8 < 1 characterizes the broadening. Notice that for § = 1 the Debye
function is obtained. The Cole-Cole relaxation time 7¢¢ gives the position of maxi-
mal loss by w, = 27y, = 1/7¢¢. A comparison between the Debye function and the
Col-Cole function is shown in Fig. 2.12.

An asymmetric broadening of the spectra can be described by means of the
Havriliak-Negami function:

coo(w) = € + (2.82)

Ae
(1 + (iWTHN)ﬁ)a
where 0 < o < 1 and 0 < 8 < 1 are the shape parameters that describe the

symmetric and the asymmetric broadening of the complex dielectric function. The
position of maximal loss depends on the parameters § and 7 according to

1 Br 1/ Bar 1/
_ - - 2.84
“p THN{SIHQ-FQOA} o 2a (2.84)

epn(w) = €x + (2.83)

2.4.2 QENS: localized motions data analysis

In order to intuitively classify the motions involved in a glass-forming system, we
can define a virtual sphere in the real space with radius ~ 1/Q, being Q the wave-
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vector explored in the experiment, containing the scattering center. If at a given
time the scattering center escapes from the virtual sphere, the motion is diffusive-
like, otherwise a localized process is occurring . First, we assume the simplest
localized motion, that is the jump between two equivalent positions (1 and 2). In
this scenario, at t = 0 the scattering center is in its initial position 1(2) and after a
time ¢ it can remain in the same position or jump to position 2(1). We define the
probabilities of jump or not jump at time ¢ respectively as

palt) = gl +e ™ (2.85)
p(t) = 5l —e™ (2.86)

where I' is the frequency with which the scattering center returns to its initial
position. Reminding that the intermediate scattering function can be expressed by:

S(Q,t) = <eiQ[r(t)—r(0)]> (2.87)

and using eq.2.85 and 2.86, we obtain:
S(Q.1) = 2 + 2 = AQ) +[1— AQ)le ™ (2.88)

with d the distance between the jumps and A(Q) = 1/2[1 + ¢/Q9]. In Fig. 2.13(b),
a qualitative example of the intermediate scattering function is shown. At ¢ = 0,
the intermediate scattering function S(Q,t) = 1 that is the probability of finding
the scattering center in its initial position is 1. For higher values of t, approaching
the characteristic time of the jump 1/T", S(Q,t) decays reaching the constant value
A(Q) at t > 1/T'. In sec.2.1.5, it has been shown that for ¢ — oo, the intermediate
scattering function assumes a constant value # 0 when the motion is confined in a
volume. Therefore, we can associate the value A(Q) at which the S(Q,t) decays for
a localized motions with the EISF defined in sec.2.1.5. It is possible to generalize
the localized motions assuming different numbers of jump positions and different
geometries. Independently from the definition of the EISF, the general intermediate
scattering function for a localized motion is defined by:

S(Q,t) = EISF(Q) + [1 — EISF(Q)]o(t) (2.89)

where ¢(t) contains the time-dependence of the process. We can note that the
geometry of the local motions not only affects the elastic intensity by the EISF
factor, but also the quasi-elastic intensity by the factor (1-EISF).

2.4.3 Inelastic neutron scattering: methyl group dynamics
data analysis

The modelization of the methyl group dynamics is important in this thesis be-
cause the polymer investigated contains three meethyl groups in its monomer. In
polymeric materials, at temperatures well below the glass transition region, we can
well approximate that the main chain dynamics is completely frozen while small
side units, as methyl groups, can still move. Under this condition, the interaction
between the methyl group and its environment can be described by an effective
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Figure 2.14: Picture of methyl group rotation about its Cs-axis, and level scheme
for a purely threefold potential with barrier height V5.

mean-field rotational potential [77, 81]. The strength of the C-H covalent bond
allows to neglect the internal degrees of freedom in comparison with both transla-
tional and rotational motions of the group as whole. Therefore, the methyl group
can be regarded as a rigid rotor. As a consequence, the mean-field potential only
depends on the characteristic angular coordinate ¢, which is measured in the plane
perpendicular to the C3-symmetry axis.

In order to explain the protocol used in this work, first I will focus the attention
on the case of methyl group dynamics in molecular crystals. At very low temperature
(T ~ 1 K), methyl group motions can be described by threefold rotational potential:

V(9) = (1 — cos(30)) (2.90)

where V3 correspond to the maximum and the amplitude of the potential V' (¢). The
corresponding Hamiltonian is given by:

82
Hrp=-B—+V 2.91
w= B35+ V(o) (291)
where B = h%/2I is the rotational constant of the rigid rotor, with I the moment
of inertia of the methyl group around its threefold symmetry axis. V(¢) must be
invariant under 27n/3 rotations, with n = £1,42, ..., because of the threefold
symmetry. Therefore, V(¢) can be expanded as a Fourier series:

o0

V(ig) =) %[1 — cos(3n¢ + 0s,)] (2.92)

n=1
In a first approximation only the threefold term is retained, while the higher-order
terms contribute just as small corrections to the main term. Hence Eq.2.91 becomes:
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0?2 Vs
002 2
The energy levels of the single well described by V(¢) are the so-called librational
levels and the transitional energies from the librational ground state to its excited
levels are the librational energies Ey;. The coupling of the wavefunctions of the
individual wells splits the librational levels. The resulting sub-levels are denoted
as A and E, the latter consisting of the degenerate doublet (E,, E,). At very
low energy, T' ~ 1 K, kgT < Ey; and the occupation probability of the excited
librational states is negligible. Therefore, the rotor oscillates coherently between the
three wells with an oscillation frequency equal to the tunnelling frequency w; [77].
As the temperature increases, the thermally activated hopping over the rotational
barrier occurs and a classical picture of the methyl groups dynamics is commonly
accepted. In Fig. 2.14 the quantized energy levels of a threefold potential are shown.
From a neutron scattering experimental point of view, the spectra for methyl
groups dynamics at 7' ~ 1 K shows a central elastic peak and two inelastic peaks of
resolutions width. The inelastic peaks are related to the transition A <> E within
the ground librational state, while the elastic peak includes the ground state tran-
sitions F, <> F,. Increasing the temperature, the inelastic peaks are shifted toward
the elastic peaks and become broader. Simultaneously , a quasi-elastic component
appears around the elastic peak. Finally, at around ~ 50 — 70 K, the quasi-elastic
and inelastic components merge in a single quasi-elastic line well described by a
Lorentzian function. The corresponding HWHM follows an Arrhenius-like depen-
dence on temperature:

(1 —cos(39)) (2.93)

—E
I'= Fooexp (k_;) (294)
B

where FE, is the classical activation energy, defined as the difference between the top
of the potential barrier and the ground state, and I', is a temperature independent
factor that typically takes values of ~ 5 — 10 meV. The tunnelling frequency wy,
first librational energy Ey; and classical activation energy F, are direct functions of
the potential barrier V3. The numerical relations [77] are given by:

E,(K) = 0.598V;% (2.95)
Eo1(meV) = 0.470V°% (2.96)
B V3 1.06 V3 0.5

Clearly, polymeric materials are disordered systems and, therefore, it is not pos-
sible to apply directly the equations describing methyl group dynamics in molecular
crystals to methyl groups of glass-forming polymers. Hence, the neutron scattering
data investigated in this work were interpreted in the framework of the rotation rate
distribution model (RRDM) [82]. It is assumed that the only effect of the structural
disorder on methyl group dynamics is to introduce a distribution of rotational bar-
riers g(V3), originated from the different local environments felt by the individual
methyl groups. In a first approximation, we can assume a Gaussian distribution of
the purely threefold rotational barriers:
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where (V3) is the average barrier and oy the standard deviation of the distribution.
The functional relations Eqs.2.95—2.97 allow for a straightforward transformation
between ¢(V3) and the corresponding distributions of activation energies of classi-
cal hopping f(FE,), rotational tunnelling frequency h(fw,) and librational energies
F(Ey):

g(Vy)dV = f(E,)dE, = F(Ey)dEy = —h(hw)dhes, (2.99)
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CHAPTER

3

STRUCTURAL CHARACTERIZATION
OF PDMAEMA, PDMAEMA /THF
30 WT% AND PDMAEMA /HyO
30 WT%

In this chapter the structure of PDMAEMA in the dry state and in mixture (at
70% polymer concentration) with tetrahydrofuran (THF) and water will be dis-
cussed. Two different techniques were used to investigate the samples: X-ray and
neutron scattering diffraction. Such a combination allow us to have a complementary
information about the structural properties of the samples: while X-rays interact
with the spatial distribution of the valence electrons, and therefore are sensitive to
the heavy atoms, neutrons are scattered by atomic nuclei. As a consequence, by
means of isotopic (H/D) substitution, neutron diffraction allows to carry out a se-
lective study of the polymer in mixture. The chapter is organized as following: first,
the structural characterization of the polymer in the dry state will be shown, then
the structure of PDMAEMA /THF mixture and finally the results on PDMAEMA
aqueous solution will be presented.

3.1 Experimental Details

3.1.1 Sample

Poly(dimethylaminoethyl methacrylate) in its protonated (lPDMAEMA) and deuter-
ated (IPDMAEMA) forms was purchased from Polymer Source. The average molec-
ular weight of hAPDMAEMA was M, = 57000 g/mol, with polydispersity M,,/M,=
3.0, while for APDMAEMA M, = 80000 g/mol and M, /M,= 2.0. In order to
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evaporate possible trapped solvent, PDMAEMA (Polymer Source) as received was
annealed 7 h at T=373 K under vacuum. The mixtures containing 30 wt% of solvent
were prepared by mixing the dry polymer with the appropirate amounts of THF,
dTHF H,0 and D20 (Sigma Aldrich) during a few days.

3.1.2 Calorimetry and Diffraction Conditions
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Figure 3.1: WAXS diffraction pattern of PDMAEMA measured at different tem-
peratures.

Wide angle X-ray scattering (WAXS) measurements on PDMAEMA were per-
formed, under vacuum, in reflection (0-20 configuration) varying the scattering
angle 20 from 4 to 30°with a step of 0.05°. The measuring time employed was
10 s/point. In small angle X-ray scattering (SAXS) experiments, samples in mixture
(PDMAEMA /THF and PDMAEMA /H50) were sandwiched between mica windows
and placed in hermetic cells, while dry PDMAEMA was placed without windows.
All the measurements were performed under vacuum and in transmission geometry.
Two sample-to-detector distances were used: 0.5 m (0.1 < Q(A~') < 1.6) and 2 m
(0.008 < Q(A1) < 0.15). Measuring times of about 20 min were employed. Neutron
diffraction with polarization analysis measurements were carried out by using the
diffuse scattering spectrometer DNS (MLZ, Garching, Germany) on PDMAEMA,
PDMAEMA /THF, PDMAEMA /dTHF, dPDMAEMA /THF, PDMAEMA /H,0 and
PDMAEMA /D,0. An incident neutron wavelength of A = 4.2 A was used covering a
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range in momentum transfer () from =0.2 Ao Q=2.67 AT Background correc-
tion was done by subtracting the intensity scattered by an empty aluminum sample
holder. Differential scanning calorimeter (DSC) TA Instrument Q2000 was used
to determine the glass transition temperature T, of the samples (sample weights
about 10 mg). Hermetic aluminium pans were used for all the samples. Modu-
lated DSC measurements were performed on PDMAEMA, PDMAEMA /THF and
PDMAEMA /H,0 with average heating rate of 3 K/min and amplitude of modula-
tion £0.5 K with a period of ¢, = 60 s.

3.2 Structure of PDMAEMA
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Figure 3.2: SAXS diffraction pattern of PDMAEMA measured at different tem-
peratures.

Wide angle X-ray scattering (WAXS) results on PDMAEMA are shown in Fig. 3.1.
The experiment was carried out at different temperatures above the glass transition,
from 295 to 340 K. Two peaks are observed in the diffraction pattern of the dry poly-
mer: one intense and relatively narrow at Q ~ 1.2 A~!, while the latter, broader
and less intense, at Q ~ 2.2 A~!. In glass-forming polymers the peaks at around
~ 1.2 A~! are usually attributed to inter-chain structural correlations while peaks
at higher QQ correspond to intra-chain correlations, that are related to the atomic
distances within the monomer. The position of the maximum of the high peak cen-
tered at higher Q-values does not change as temperature increases. On the contrary,
the peak at low Q-values shows a temperature dependence of its position. Such a
behaviour is in agreement with the interpretation of the origin of the underlying
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Figure 3.3: X-ray diffraction pattern of PDMAEMA at T=150 K. Dashed green
line shows the fit with the model described in the text. Dotted lines refer to curves
describing peak I (yellow), peak II (red) and peak III (blue).

correlations. In fact, it has been reported in literature [83, 84, 85, 86] that the po-
sition of the inter-chain maximum changes with temperature, especially above the
temperature of glass transition. On the contrary, the intra-chain peak maximum
does not appear affected by temperature changes. This was explained by the fact
that the interactions between polymer chains are of the Van der Waals type, while
the interactions within the chain are governed by covalent bonding. In Fig. 3.2
results obtained by small angle X-ray scattering are shown. They have been car-
ried out in a temperature range from 110 to 330 K, that is including temperatures
in the glassy state of the system and temperatures above the T,. We notice two
main peaks centred at about ~ 1.2 A~ (we will call it peak III), in agreement with
WAXS measurements, and ~ 0.5 A~ (peak I). At low temperature, peak I appears
quite asymmetric. This suggests the presence of an unresolved contribution centred
at around ~ 0.8 A= (peak II). In order to extract information on the temperature
dependence of the maximum position and shape of the peaks, SAXS data were fitted
by the sum of three Gaussian functions. The Gaussian functions are expressed by:

1Q) = esp | - (Mﬂ (3.1)

g

where I is the intensity of the peak, @),, the position of the maximum and o is
related to the width of the peak (full width half maximum FWHM = 2,/2In(2)0).
As an example, the result of the fitting procedure at T=150 K is shown in Fig. 3.3.
The temperature dependence of the parameters is shown in Fig. 3.4-3.6. Due to
the complex molecular composition of PDMAEMA monomer, it is not trivial to
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relate these contributions to specific correlations between molecular groups. How-
ever, comparing the results obtained with those on similar polymers investigated by
diffraction and molecular dynamics (MD) simulation in previous works, it is possible
to provide a picture for the main structural features of PDMAEMA.

Starting from high Q-values, the average position of the maximum of peak III
(Fig. 3.4(b)) is centred at QI ~ 1.19 A~'. Using Bragg’s approximation, we
can estimate an average distance of about d;;; = 27/QM! = 5.3 A. This value
is close to that found for polymers characterized by long and relatively bulky side-
groups —i.e polymers of the family of poly(n-alkyl methacrylates) [87], poly(n-alkyl
acrylates) [88], poly(itaconates) [89], poly(alkylene oxides) [90], polystyrene [91] and
poly(vinyl pirrolidone) [92] —. In those works, such a distance was related to corre-
lations between atoms located in side groups of different monomers. This kind of
polymers shares with PDMAEMA another relevant property, that is the presence
of a 'pre-peak’ (peak I) at low Q. In the system under investigation, such a peak
corresponds to a distance between molecular groups of about d; ~ 12.3 A. This
peak can be related to inter-mainchain distances [87]. In addition, MD simulation
studies revealed a strong anti-correlation between, above all, side-group (SG) and
main-chain (MC) atoms in the same Q-range.

Therefore, the presence of such a pre-peak has been related to a kind of nano-
phase segregation between side groups and backbones leading to the existence of
nano-domains rich in each of the polymeric subspecies [88, 93, 94]. Regarding peak
I1, diffraction and MD simulation studies on poly(methyl methacrylate) (PMMA) [95]
poly(ethyl methacrylate)(PEMA) and poly(vinyl acetate) (PVAc) [96] have found
a similar contribution and related it to correlations involving the backbone atoms
—i.e, carboxyl group (COO), a-methyl groups (aMG) and MC—. In Figs.3.4-3.6 the
thermal behaviour of the parameters characterizing the peaks can be seen in com-
parison with DSC results displayed in the corresponding panel(a). These plots show
the temperature derivative of the reversible part of the specific heat, which shows a
maximum at the glass-transition temperature of the sample. Below the glass transi-
tion temperature, all the structural peaks show the same temperature dependence:
the maximum position shifts toward lower ) values when heating the sample. This
behaviour, commonly found in structure factor peaks reflecting intermolecular cor-
relations, is attributed to thermal expansion leading to an increase of intermolecular
distances. However, approaching Tj, some changes occur. In fact, in peak III, the
T-dependence becomes stronger when the thermal expansion changes from that in
the supercooled liquid state to that in the glassy state. On the contrary, peak I
displays the opposite tendency in addition to an increase of o parameter (Fig. 3.5).
We can interpret this peculiar behaviour as a signature of the complexity of this
peak where both MC-MC,MG-MG and cross-correlations MC-MG occur. Finally,
peak II does not appear to be affected by the glass transition as can be shown in
Fig. 3.6.
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Figure 3.4: a) Temperature derivative of the reversible specific heat of dry
PDMAEMA. b) Temperature dependence of the position of the maximum corre-
sponding to peak III in Figure 3.3 in dry PDMAEMA. ¢) Temperature dependence
of the width of peak IIT in dry PDMAEMA. The shadowed area indicates the region
of the glass transition.
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Figure 3.5: a) Temperature derivative of the reversible specific heat of dry
PDMAEMA. b) Temperature dependence of the position of the maximum corre-
sponding to peak I in Figure 3.3 in dry PDMAEMA. c¢) Temperature dependence
of the width of peak I in dry PDMAEMA. The shadowed area indicates the region
of the glass transition.
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Figure 3.6: a) Temperature derivative of the reversible specific heat of dry
PDMAEMA. b) Temperature dependence of the position of the maximum corre-
sponding to peak II in Figure 3.3 in dry PDMAEMA. ¢) Temperature dependence
of the width of peak II in dry PDMAEMA. The shadowed area indicates the region
of the glass transition.
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3.3 Structure of PDMAEMA /THF 30 wt %
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Figure 3.7: SAXS diffraction pattern of PDMAEMA /THF 30 wt % measured at
different temperatures. Multiplicative factors have been applied to correct artefacts
in the intensity due to mica expansion and show the curves with more clarity.

In the previous section the structural properties of PDMAEMA in the dry state
have been characterized. Trying to reveal how the presence of solvent molecules
affect the polymer structure, PDMAEMA /THF 30 wt % sample was investigated.
It was not possible to perform WAXS measurements on this sample due to the
lack of hermetic sample holder in reflection mode that could avoid THF evapora-
tion. SAXS experiments were feasible (data shown in Fig. 3.7) by using a hermetic
cell with parallel mica windows in the transmission geometry. Unfortunately, mica
gives an intense Bragg peak that obligates us to limit the measurements in the Q
range from 0.2 to 1.2 A='. Therefore, additional information was sought in neu-
tron diffraction experiments. In Fig. 3.8 DNS measurements on dry PDMAEMA
and PDMAEMA /THF 30 wt % are shown. We can observe that peak III position
is hardly affected by the presence of THF molecules (Ad;;;r =~ 0.2 A) This peak
appears somewhat narrower in THF mixture than in the dry state, as can also be
observed comparing the SAXS diffraction patterns of both samples (see Q-range
~ 1A' in Fig. 3.9 due to high-Q flank of peak III).

Next we tried to obtain a quantitative description of peaks I and II from the
X-ray results. In Fig. 3.10 an example of the results of the application of the fitting
procedure previously explained on small angle scattering data is shown. The peak I11
position was fixed from DNS measurements, while its width was allowed to change.
The position of the maximum and the width of the pre-peak (peak I) assume values
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very close to those obtained for the dry polymer (see Fig. 3.11). Regarding peak II,
we observe that the average position of the maximum is comparable to the one of

PDMAEMA in the dry state (Fig. 3.12(b)). However, due to the insufficient infor-
mation on the peak III shape and position, further discussion on the o parameter
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Figure 3.9: Comparison of X-Ray diffraction patterns obtained by SAXS on dry
PDMAEMA (empty symbols) and on its mixture with THF (filled sumbols) at room
temperature. The intensities have been scaled to coincide in the maximum of the
peak.

value and temperature dependence is not possible. Regarding the T-dependence of
the correlation distances, both peaks (peak I and II) show a shift toward lower Q
values with increasing T as expected. Nevertheless, the temperature dependence of
the position of peak I does not exhibit any crossover approaching the 7} in contrast
with the corresponding contribution in dry PDMAEMA. Probably, this can be re-
lated to different cross-correlation contributions occurring in THF mixture.
Moreover, neutron diffraction measurements were performed on partial deuterated
samples (IPDMAEMA /THF and PDMAEMA /dTHF) to provide the contrast be-
tween the components in the mixture (see Fig. 3.13). At low Q-values, the re-
sults on both samples show a strong increase of the coherent cross section. In
the IPDMAEMA /THF sample, this contributions see to flatten around ~ 0.5 A~

However, in PDMAEMA /dTHF (Fig. 3.13(b)), the coherent contribution con-
tinuously increases toward lower Q-values. This behaviour is supported by SAXS
measurements on the mixture performed in the low Q-range at room temperature
(Fig. 3.14). All these results lead to think that the low-Q scattering reflects the
typical concentration fluctuations in a mixture without any clear signature of the
presence of clusters with well-defined associated length scales.
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Figure 3.10: X-ray diffraction pattern of PDMAEMA /THF 30 wt % at T=150 K.
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Figure 3.11: a) Temperature derivative of the reversible specific heat of
PDMAEMA/THF 30 wt %. b) Temperature dependence of the position of the
maximum corresponding to peak I in Figure 3.10 in PDMAEMA /THF 30 wt %
sample. ¢) Temperature dependence of the width of peak I in PDMAEMA /THF 30

wt %. The shadowed area indicates the region of the glass transition.
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Figure 3.12: a) Temperature derivative of the reversible specific heat of
PDMAEMA/THF 30 wt %. b) Temperature dependence of the position of the
maximum corresponding to peak II in Figure 3.10 in PDMAEMA /THF 30 wt %
sample. ¢) Temperature dependence of the width of peak IT in PDMAEMA /THF
30 wt %. The shadowed area indicates the region of the glass transition.
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Figure 3.13: Ratio between the coherent and incoherent scattering cross sections
measured at different temperatures on dPDMAEMA/THF 30 wt % (a) and on
PDMAEMA /dTHF 30 wt %(Db)

65



100 L] 1 L] L] T L] L] L] L] L] 1

1(Q) (a.u)

QA™

Figure 3.14: X-Ray diffraction pattern obtained by SAXS on PDMAEMA in
mixture with THF at room temperature.
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Summarizing, i) we have seen that the presence of THF molecules mainly affect
the distribution of the SG/SG correlation distances even though its average distance
drir = 27/QMT appears to be slightly shifted. 7)) The overall nano-domain structure
associated to the pre-peak is essentially the same in the dry polymer and in the
mixture. i) THF molecules appear to be homogeneously distributed within the
sample since there is not sign of solvent clusters in the results obtained by both
SAXS and DNS (where only density fluctuations are observed).

3.4 Structure of PDMAEMA /H,0O 30 wt %

Finally, the structure of PDMAEMA /H;0 30 wt % (corresponding to ~ 4 water
molecules per monomer) was studied. As expected, some relevant changes were ob-
served in this sample, due to the presence of hydrogen bonds. Starting from DNS
measurements on polymer in mixture with deuterated water (Fig. 3.15(a)), we can
observe a very intense peak at low Q values (~ 0.25 A=), The large difference
between bp and by induces a large contrast between molecules containing deuter-
ated and protonated nuclei. This peak can be attributed to the presence of regions
rich in deuterated water dispersed all over the sample, giving rise to a well defined
correlation distance. At the two lowest temperatures (180 and 220 K), the intensity
and the position of the peak maximum are comparable. Increasing the temperature,
we can observe a shift toward lower QQ values of the maximum and, especially, an
increase of the intensity up to almost double its value at 280 K. The presence of such
a peak was confirmed by small angle neutron scattering (SANS) [97] measurements
performed on PDMAEMA and PDMAEMA /D50 30 wt % samples at room temper-
ature (Fig. 3.16), where a peak centred at around ~ 0.2 A-1is found in the polymer
in deuterated water mixture. The position of this contribution is in agreement with
the shift toward lower () values observed in the DNS data. These Q-values corre-
spond to large average correlation distances in the range of 25 < d < 31 A. Tt is
well known the tendency of water molecules of form clusters, that is to join together
instead of being uniformly distributed in the sample. Therefore, it would be rea-
sonable to relate this scattering contribution to the presence of water clusters, and
thereby the deduced characteristic spatial length to the average distance between
them.

Moving toward higher @ values (Fig. 3.15(b)), a broad peak is found in the
range from 1 to 2 A='. The shape of such a peak appears highly dependent on the
temperature range. In fact, at high temperature it is centred at around 1.2 A~! and
is characterized by a strong asymmetry, whereas at the two lowest temperatures
investigated (180 and 220 K), the peak appears more symmetric and the maximum
is shifted toward higher Q values. A very similar temperature dependence has been
observed for water confined in mesoporous MCM-41 [98, 99]. For comparison, in
Fig. 3.17 the neutron diffraction spectra of DoO in MCM-41 measured by Floquet
at al. are shown. At high temperature, the confined water neutron diffraction
signal appears as a wide bump located at around Q,, = 1.85 A~!, whereas, at low
temperature, T =173 K , the signal looks much more like a diffraction peak centred
at smaller Q value (1.7 A~1).
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Temperature derivative of the reversible specific heat of PDMAEMA /H,0 30 wt %.
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Figure 3.16: Diffraction patterns obtained by SANS on dry PDMAEMA (empty
symbols) and on PDMAEMA /D,0O 30 wt % (filled sumbols) at room temperature.
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et al.
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Figure 3.18: SAXS diffraction pattern of PDMAEMA /H,0 30 wt % measured at
different temperatures.

A combined study of neutron diffraction and empirical potential structure refine-
ment (EPSR) simulations [99], suggested that the mesoscopic arrangement of water
molecules in the pore could change as a result of the modified water-water and
water-substrate interactions. Upon cooling, the H-bonds between water molecules
are strengthened, while those between water and the wall atoms become weaker.
Therefore, at low T the pore appears more uniformly filled while the walls are
less wet and water molecules are arranged in a cubic-ice-like structure [98]. In
Fig. 3.15(inset) we can see the temperature derivative of the specific heat of the
sample measured by differential scanning calorimetry (DSC). It shows a very broad
glass transition process that is complete at ~ 220 K. Such a temperature coincides
with the appearing of the well defined water peak in DNS spectra. We may suggest
the emergence of an extra finite size effect produced by the ’frozen’ main-chains of
PDMAEMA that would restrict the water molecules mobility.

So far the DNS results on the cluster peak and peak III have been discussed. The
characterization of peak I and peak II was performed on the SAXS results, where
these peaks were better resolved (Fig. 3.18). To avoid water evaporation, the same
experimental setup employed for the THF mixture was used. As a consequence, also
in this case, it is not possible to resolve the peak related to the SG/SG correlation
distances (peak III). Comparing the spectra of the water mixture with that of the
polymer in the dry state and in THF mixture, it is clear that the peak I is strongly
affected by the presence of water molecules. In the fitting procedure of SAXS results
it was necessary to add a further Gaussian function to describe such a peak. Fig. 3.19
shows an example of the fitting results at room temperature. The temperature
dependence of (),,, parameters of both curves describing peak I are shown in Fig. 3.20
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Figure 3.19: X-ray diffraction pattern of PDMAEMA/H,0 30 wt % at room
temperature. Dashed green line shows the fit with the model described in the text.
Dotted lines refer to curves describing peak la (light blue), peak Ib (yellow) and
peak II (red). The contribution of peak III (not shown) was built from the DNS
information.

in comparison to that of the dry polymer. The peak at lower Q (peak Ia) is centred at
values close to those characterizing the peak observed by DNS and SANS, suggesting
a relation with water cluster distances, while the other curve (peak Ib) is located at
Qm values smaller than that of the pre-peak (peak I) of the dry polymer. Assuming
this peak Ib in the mixture to be related to the nano-domains in the polymer, the
difference between the average distances between nano-domain in dry PDMAEMA
and in PDMAEMA /H,0 is Adp, ~ 2 A.

Regarding the peak at around 0.8 A~ (peak II, as previously named), the posi-
tion of its maximum is close to that of PDMAEMA. However, as in the case of the
THF mixture, it is not possible to extract information on its width, even though
it must be mentioned that the fitting procedure seems to demand a much broader
peak as shown in Figs. 3.19-3.21. This suggests either a wider distribution of the
correlation distances associated to this peak or the presence of a further peak that
cannot be resolved by SAXS measurements. The splitting of peak II into two peaks
could be attributed to the presence of regions where the polymer would be hydrated
coexisting with other regions without presence of water. This picture would be sug-
gested by the finding of water clusters mentioned above. In any case, the observed
effect could be related to a stronger heterogeneity within the sample.
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Figure 3.20: a) Temperature derivative of the reversible specific heat of
PDMAEMA/H;0 30 wt %. b) Temperature dependence of the position of the
maximum corresponding to peak Ia (blue triangles) and peak Ib (empty squares)
in Figure 3.19. As a comparison, black circles refer to the positions of peak I of
dry PDMAEMA. c¢) Temperature dependence of the width peak Ia (blue triangles)
and peak Ib (empty squares) of PDMAEMA in water mixture and peak I of dry

PDMAEMA (black circles). The shadowed area indicates the region of the glass
transition.
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Figure 3.21: a) Temperature derivative of the reversible specific heat of
PDMAEMA /H,0O 30 wt %. b) Temperature dependence of the position of the
maximum corresponding to peak II (blue diamonds) in PDMAEMA water mixture
(see Fig. 3.19) and peak II (black circles) in dry PDMAEMA. As a comparison,
black circles refer to the positions of peak I of dry PDMAEMA. c¢) Temperature
dependence of the width peak II (empty diamomds). As a comparison, black circles
refer to the width of peak I of dry PDMAEMA. The shadowed area indicates the
region of the glass transition.
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Concluding, the presence of water molecules induces several differences in the
structural properties of the sample compared with those of PDMAEMA in the dry
state and in THF mixture. i) First, water molecules tend to join together giving rise
to clusters, as evidenced by neutron diffraction and confirmed by X-ray diffraction.
it) As a consequence, the distances between nano-domains become larger than in
PDMAEMA and PDMAEMA /THF samples. i) The presence of water clusters
leads to a non-uniform hydration of the polymer. This would explain the stronger
heterogeneity suggested by the fitting curve in the Q range from 0.6 to 1.0 A1 i)
The diffraction pattern in the Q-range ~ 1-2 A" shows the temperature dependence
reported for water confined in other systems in the literature, suggesting a change
in the water-water interactions and an extra finite size effect upon the vitrification
of the polymer matrix.
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CHAPTER

4

INFLUENCE OF PLASTICIZERS IN
THE DYNAMICS OF THE POLYMER
COMPONENT (30 WT%-SOLVENT
CONCENTRATION)

In this chapter, the influence of plasticizers on the dynamical processes of PDMAEMA
—a-relaxation, local motions of the side group and methyl group rotation— will be
discussed. Dielectric spectroscopy and neutron scattering techniques were used to
investigate the polymer dynamics. This combination consented to explore the sam-
ples over a wide range in frequency (DS) and, by using deuterated solvents (NS), to
‘isolate’” the polymer dynamics in the mixtures. As commented in the Introduction,
THEF and water were chosen with the purpose of elucidate the role of the H-bonds
on the dynamical changes (due to their different interactions with the polymer).

4.1 Experimental Details

Sample

Polymer as received was annealed for 7 h at T = 373 K under vacuum to evapo-
rate possible trapped solvent, while the mixtures containing 30 wt% of solvent were
prepared by mixing the dry polymer with the appropriate amounts of THF, dTHF,
Hy0 or DyO (Sigma Aldrich) during a few days. Dielectric spectroscopy and dif-
ferential scanning calorimetry (DSC) experiments were performed on samples with
protonated solvents, while those with deuterated solvents were used to isolate the
polymer component in the neutron scattering experiments.
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Sample Instrument | incident  wave- | energy res-
length () (A)(* | olution
analysing  en- | (FWHM) (ueV)
ergy)

FOCUS | 6.0 ~45

PDMAEMA/THF IRIS 6.65 * 17.5

SPHERES | 6.27 * 0.62
TOFTOF | 6.0 ~ 48
PDMAEMA /D,O TOFTOF | 7.0 ~25
SPHERES | 6.27 * 0.62
TOFTOF | 6.0 ~ 55
PDMAEMA TOFTOF | 8.0 ~25

Table 4.1: Experimental configurations used for QENS measurements

Calorimetry and Dielectric Spectroscopy conditions

Broadband dielectric spectrometer Novocontrol Alpha-S and high frequency dielec-
tric spectrometer Agilent E4991A RF-Impedance Analyzer were used to measure the
complex dielectric function €*(w) = € (w) — i€ (w), covering a frequency range of
1072-10° Hz. The samples were prepared forming a parallel-plate capacitor between
parallel gold-plated electrodes with a diameter of 20 and 10 mm for low and high fre-
quency measurements respectively. Measurements were carried out under isothermal
conditions every 5 K with a temperature stability better than 0.1 K. The maximum
temperature for the dry polymer (370 K) was chosen to avoid degradation, while for
the plasticized samples we performed measurements up to 300 K to avoid a signif-
icant solvent evaporation. Differential scanning calorimeter was used to determine
the glass transition temperature T, of the samples (sample weights about 10 mg).
Hermetic aluminium pans were used for all the samples. Modulated DSC measure-
ments were performed on PDMAEMA, PDMAEMA /THF and PDMAEMA /H,O
with average heating rate of 3 K/min and amplitude of modulation +0.5 K with a
period of ¢, = 60 s.

Inelastic neutron scattering conditions

Complementary information on methyl-group dynamics is provided by the inelastic
librational peaks contained in the vibrational density of states (VDOS). The VDOS
of the hydrogens of the dry polymer and the plasticized polymer with dTHF and
deuterated water were obtained from the inelastic neutron scattering (INS) data
collected by using TOSCA. The dry sample was loaded in an aluminium foil sachet
closed in a flat aluminium sample holder sealed by indium wire, while for the mix-
tures indium wire-sealed liquid cells were used. All samples were investigated at T
=10 K.

Quasielastic neutron scattering conditions

Four different spectrometers were used to carry out the QENS measurements: the
direct-geometry time-of-flight instruments FOCUS and TOFTOF, the inverted-
geometry time-of-flight spectrometer IRIS and the backscattering spectrometer SPHERES.
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4.1. EXPERIMENTAL DETAILS
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Figure 4.1: Isochronal curves of dielectric loss obtained for f = 10* Hz.

Blue triangles: PDMAEMA /H,0; green squares: PDMAEMA /THF; red circles:
PDMAEMA. Arrows show the locations of T, determined from DSC (inflection
point), T.75¢

Each sample was investigated using a combination of spectrometers and/or incident
wavelengths (see Table 4.1), in order to cover a wide dynamic window. The time
windows accessed were approximately from 10713 to 107 s for the polymer in dTHF
and deuterated water solutions and from 1072 to 107! s for the dry sample. For all
experiments, flat aluminium sample holders were used. For the samples in solution,
the cells were sealed using indium wire to avoid solvent loss. The thicknesses of
the sample holders were chosen in order to obtain a transmission close to 90% to
neglect possible multiple scattering contributions. Vanadium in flat aluminum cell
was measured at room temperature to correct the detector efficiency. All data were
corrected for the sample holder contribution by subtracting the intensity scattered
by an empty cell. The resolution function was determined measuring the samples
at 10 K. Dry PDMAEMA and PDMAEMA /dTHF samples were investigated at T
= 250 K, 270 K, 290 K, while the PDMAEMA /D0 system was studied at T= 250
K.
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4.2 Experimental Results

4.2.1 Calorimetry and Dielectric Spectroscopy
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Figure 4.2: Dielectric loss measured on PDMAEMA /THF with Agilent E4991A
RF-Impedance Analyzer at the different temperatures indicated

Dielectric spectroscopy measurements on dry PDMAEMA reveal two broad temperature-
dependent processes (Fig. 4.1). The main peak, relevant at higher temperatures, is
related to the segmental («) relaxation while that at low temperature can be at-
tributed to a secondary relaxation. Adding THF we observe a strong shift toward
lower temperature of the main peak associated to the shift of T}, as confirmed by
DSC experiments (inflection point at T°*¢(PDMAEMA) = 299 K, TP5¢“(PDMAEMA/THF)
= 227 K). The secondary relaxation peak in PDMAEMA/THF appears slightly
shifted (~ 20 K) toward higher temperature with respect to that in bulk. We
note that these data result from the combined contributions of the two components
in the system (polymer/THF). In PDMAEMA /H,0 only an intense peak in the
low temperature region is present. This peak is related to the dynamics of wa-
ter molecules and seemingly covers the polymer secondary relaxation due to the
high signal given by the strong water dipole moment. At high temperature it is
not possible to distinguish the segmental relaxation in this sample due to the huge
conductivity contribution. Finally, high-frequency measurements on THF mixture
reveal a further process (Fig. 4.2).

4.2.2 Inelastic Neutron Scattering

Due to the high value of the hydrogen incoherent cross section, the neutron intensity
scattered by all the samples is basically due to the incoherent scattering contribution
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4.2. EXPERIMENTAL RESULTS
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Figure 4.3: H-weighted vibrational density of states of PDMAEMA in the dry
state (red triangles), and in the mixtures with dTHF (green circles) and with DyO
(blue squares) at T = 10 K. The intensities of the mixtures have been scaled to
match that of dry PDMAEMA. Solid line is a fit with the different contributions
indicated by the dotted, dashed and dashed-dotted lines (see the text).

from PDMAEMA hydrogen atoms. TOSCA results on the three samples are shown
in Fig. 4.3. In the energy range from 20 to 53 meV, we observe three peaks. The
strongest peak is found at lower energy. Comparing the data of the three samples,
we do not find any significant difference, e. g. an energy shift or an extra broadening.

4.2.3 Quasielastic Neutron Scattering

For the ulterior analysis of the QENS results, data were transformed into time
domain, following a procedure which allows deconvolution of data from the in-
strumental resolution, thereby facilitating the combination of results from differ-
ent spectrometers. Experimental intermediate scattering functions S¢P(Q,t) were
obtained by Fourier transforming to time domain the QENS data obtained at a
given temperature and ()-value on each spectrometer. These functions were decon-
voluted from the resolution function dividing them by the corresponding S“*?(Q), t)
obtained from the spectrum measured at 10 K. Figure 4.4 shows as an example the
such obtained final intermediate scattering functions of PDMAEMA hydrogens in
the PDMAEMA /dTHF sample for some representative -values and two different
temperatures. As can be seen, by applying this procedure to data measured on three
spectrometers (FOCUS, IRIS and SPHERES in this case), almost three decades in
time are covered.

79



L (@)

0.8 | ® ..lr'-’\ =

o \“ Q(A™):
0.6 | = « “v. 0.6 -

-
=) o %08
g_ 0.4 | .“..'""‘i'o‘:-
=y .q — -:
0.2 | 1.4-" -
T=290K

ol 8
1 LR SRR AL | LI SRR R R | IR SRR AR AL | LR R R | e LY

o8 T = 250K

o® o

08 ® ¢-= .. -

= : » % 0.6
0.6 | t":\-,ﬁu_g #

P FOCUS o . To.

- -} fone- \ ~
o 04l =l
7 IRIS «+—» e
0.2 | |

(b) SPHERES a—w»

{'2—13 le-12 le-11 le-10 le-9 le-8

t(s)

Figure 4.4: Intermediate scattering function of H-atoms of the polymer component
in the PDMAEMA /dTHF sample at T = 290 K (top) and T = 250 K (bottom)
and the different ()-values indicated. The dashed lines show the fits with the model
described in the text.



4.3. MODELLIZATION AND DATA ANALYSIS

The intermediate scattering functions show more pronounced decays at higher
temperatures, with a tendency to reach a plateau in the long-time regime. For a
given temperature, the characteristic time for the decay does not show a clear )-
dependence. These features suggest the occurrence of spatially localized motions in
the window investigated.

4.3 Modellization and Data Analysis

4.3.1 Dielectric Spectroscopy
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Figure 4.5: a)DS results at high temperature (T=270 K) showing the a-relaxation
contribution of PDMAEMA /THF mixture. Circles show the experimental €’ (w)
described by the imaginary part of Eq. 4.1 (continuous line). Dashed line repre-
sents HN function and dotted line the conductivity contribution. Triangles show
the derivative 0€¢'(w)/0log(w) fitted by Eq. 4.2 (continuous line). b) Results on
PDMAEMA /THF (circles) and the dry polymer (triangles) at 130 K, in the glassy
state. For comparative purposes, bulk polymer data have been multiplied by 0.7 in
order to take into account the amount of polymer in the mixture. The dashed lines
show the two Cole-Cole components used to describe PDMAEMA /THF data.

In the high temperature region above the glass-transition temperature, polymer
motions are dominated by the a-relaxation. In such regime, the dielectric permit-
tivity of polymers can usually be fitted with the sum of the contributions from the
a-relaxation (described by a Havriliak-Negami function) and the conductivity:

’ AE )

€ (w) =€ (W) — i€ (W) = € + T (oo zeo—w (4.1)

Here, €, is the high-frequency limit permittivity, Ae is the dielectric strength,
Tun is the characteristic relaxation time, o and 3 are the shape parameters of the
a-process, gg is the DC conductivity and ¢ is the vacuum permittivity. Usually the
data analysis is performed on the imaginary part of the permittivity € (w), where
the relaxation process leads to a peak. However, adding THF, it is not possible to
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Figure 4.6: Dielectric loss measured on PDMAEMA /THF at T=125 K. Solid line
is the description in terms of the three Cole-Cole contributions represented by the
dashed (’slow” THF-process), dotted (PDMAEMA [-relaxation) and dashed-dotted
(fast” THF-process) curves.

clearly resolve the high temperature process (a-relaxation of the polymer) from the
large conductivity contributions to € (w) (see, e.g, Fig. 4.5(a)). Therefore, the data
analysis was carried out on the real part of ¢*(w), € (w), where conductivity does
not contribute. In particular, we considered the derivative of € (w) with respect to
log(w), since this function displays a maximum at similar frequency as the ¢ (w)
relaxational counterpart. Thus, the characteristic time 7,,,., defined as the inverse

of the frequency wpmqee at the € (w)-peak, Tmee = 1/Wmaee, Was calculated for both
PDMAEMA and PDMAEMA /THF samples by fitting:

€' (w) (iwTgn)®
dlogw %{[1 + (z‘wTHN)a]ﬁH} (4.2)

and using the relationship:

(4.3)

Tmaz — 7—HN[ : an )

An example of the quality of the fit is shown in the left panel of Fig. 4.5
for PDMAEMA /THF results. Due to the high conductivity produced by water
molecules, it is not possible to observe the structural relaxation of PDMAEMA
in aqueous solution even using the representation J¢'(w)/0Olog(w). Figure 4.7(a)
shows the inverse-temperature dependence of the relaxation times obtained for the
a-process of dry PDMAEMA and PDMAEMA /THF samples. The curvature clearly
shows the non-Arrhenius character expected for the dynamics in the supercooled lig-
uid state. The curves were fitted with the usually invoked Vogel-Fulcher-Tammann
(VFT) equation:

B
T = Tpexp (T — To) (4.4)

VFT parameters are shown in Table 4.2. As we have already mentioned in the In-
troduction, the fragility index m, describing how fast dynamics change approaching
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Figure 4.7: a) Top: Temperature derivative of the reversible specific heat
of PDMAEMA (red solid line), PDMAEMA/THF (green dashed line ) and
PDMAEMA/H50 (blue dotted line). Arrows mark the position of the onset tem-
perature for the DSC glass transition. Bottom: Inverse temperature dependence of
the characteristic times of the a-relaxation obtained from DS. Red circles represent
data from PDMAEMA in the dry state, while green squares in the mixture with
THEF. Dashed lines are fits with the VFT expression (Eq. (4.4)). b) Relaxations
attributable to the polymer component in the dry state (empty red squares) and
in PDMAEMA /dTHF (filled green square). Crosses correspond to ’slow’ and fast’
THF components.

the glass transition temperature, is mathematically defined as:

o = _OlosT (4.5)

O(Ty/T) |71,

We calculated this index starting from VET results and defining 7, = TgDS as the
temperature at which the relaxation time reaches a value of 7 = 100 s. The TgD S
values of PDMAEMA in the dry state and in the mixture with THF are shown in
Table 4.2, in comparison with the values deduced from DSC measurements. This
table also includes the such obtained values of the fragility index.

The spectral shape of the a-process differs, as usually found, from that of a
single Debye process. The width of this relaxation is represented as function of the
characteristic time in Fig. 4.8(a) for both systems.

At lower temperatures —below T,~ only local motions leading to secondary re-
laxations are expected to take place. In Fig. 4.5(b) spectra of dry PDMAEMA
and PDMAEMA /THF are shown at 7" = 130 K. The dry sample shows a broad
and nearly symmetric peak —the polymer g-relaxation— suggesting a distribution of
mobilities. In order to describe this contribution, a Cole-Cole function was used:

Ae

1+ (incc)acc] (46)

cto(w) = € + [
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PDMAEMA | PDMAEMA /THF | PDMAEMA /H,0O
log(mo(s)) | -11.7 £ 0.1 114 £0.1 -
B(K) 1666 + 6 1881 £ 6 -
T,(K) 231.1 £ 0.3 142.0 £ 0.3 -
TP°(K) 287 + 1 204 £+ 1 -
T)5(K) 299 £ 1 227 £ 1 220 + 3
m 148 95 -
TP (K) 285 + 1 205 £+ 1 176 £ 1

Table 4.2: Vogel-Fulcher-Tammann parameters of the characteristic time of the
a-relaxation and fragility index of PDMAEMA in the dry state and with THF.
T, values determined from DS and DSC are also given for the three systems. For
DSC, values correspond to the inflection point of the C,(T') (T,7°¢) and to its onset
(TPSC )in the heating ramp.

g,onset

with 7o¢ (= Timae ) the Cole-Cole characteristic relaxation time and acc the shape
parameter. In PDMAEMA /THF three dynamic processes can be distinguished in
this temperature range; therefore, a combination of three Cole-Cole functions was
used in the fitting procedure (see the contributions as dashed lines in Fig. 4.5(b) and
as dashed-dotted and dotted lines in Fig. 4.6). The characteristic times obtained
from such description of the dielectric results of PDMAEMA in the dry state and
in the mixture are shown in Fig. 4.7(b).

At this point, we discuss on the origin of the different secondary relaxations ob-
served in PDMAEMA /THF mixture (see Fig. 4.5(b)-4.7(b)). Based on the strong
intensity of the process at lower frequency, it has to be attributed to a relaxation
involving THF molecules. A similar process has been reported for mixtures of THF
with tristyrene [58]. In the other extreme, the process occurring at highest frequen-
cies is absent in the dry polymer and in the aqueous mixture. Therefore, we can
relate this dynamics to THF molecules. Thus, we will refer to these processes as
'slow’-THF and ’fast’-THF processes respectively. They will be analysed in detail
in the next chapter. To interpret the origin of process at intermediate frequen-
cies, in Fig. 4.5(b) we have included the f-relaxation results obtained for the dry
polymer at the same temperature, properly weighted in order to represent the expec-
tation for the S-contribution of the polymer —if it were unaffected by the presence
of the solvent— in the permittivity loss measured on the mixture with THF. The
characteristic time of this contribution is rather close to that corresponding to the
high-frequency process in THF mixture. We thus may identify such a process in
PDMAEMA /THF as the [-relaxation of the polymer component. We note, how-
ever, that this relaxation is affected by the presence of THF molecules.

As expected for thermally activated processes, the relaxation times characteristic
for the sub-T} relaxations follow an Arrhenius temperature dependence:

(&r)
T = ToexXp
kgT

with the parameters shown in Table 5.1.

(4.7)

Symmetric broadening of spectra can be attributed to the presence of distribu-
tions of relaxation times in the glassy state due to the disorder. We may consider
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Figure 4.8: Full width at half maximum of loss peak corresponding to the a-
relaxation (a) and [-relaxation (b) of the polymer as function of the charac-
teristic time. Empty symbols refer to dry PDMAEMA, while filled symbols to
PDMAEMA /THF. In (b), the scale on the right shows the equivalent width of the
corresponding Gaussian distribution of relaxation times 0.

the logarithmic relaxation times distributed according to a Gaussian function:

72

1 [log(r) — Tog(7)

hllog(7)] = %exp 552

(4.8)

Here, log(T) is the average logarithm of the characteristic time (position of the
maximum of the distribution function), log(7) = log(7cc). For the [-process, the
width of such distribution (we shall call it 05) has been calculated starting from the

shape parameter acc of the Cole-Cole function by the empirical equation:

6.9 x 10~
05 = —— = _ 38163 log(acc) (4.9)

Qoo

This equation resulted from the CC fit of the loss-curves generated with a super-
position of Debye relaxations according to Eq. 4.8 for various o-values in the range
from 0.1 to 0.5. The so-obtained results are represented in Fig. 4.8(b) as function
of the characteristic time.
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dry PDMAEMA | PDMAEMA /THF
log[r,(s)] | -16.1 £ 0.1 141 £ 0.2
E,(meV) 337 +5 262 £ 5

Table 4.3: Arrhenius parameters of the characteristic time of the f-relaxation of
PDMAEMA in dry state and in THF mixture

4.3.2 Methyl Groups Dynamics

In its monomer PDMAEMA contains three methyl groups of two different kinds
—two located at the end of the side group (SG-MG) and one directly linked to the
main chain (MC-MG)-. In Chapter 3, it has been illustrated that in the glassy state
of polymeric materials the interaction between the methyl group and its environment
is often well approximated by an effective threefold rotational potential[77] . The as-
sociated lowest librational transitions Fy;, Ege assume values typically in the range
10-60 meV and can be directly detected by INS. Thus, investigating the librational
energies of the polymer methyl groups provides a straightforward mean —usually
easier than studying the classical rotational hopping times at higher temperatures—
to extract information about the potential barrier V3. We recall the relationship
between Fy; and V3 (Eq. 2.96). The polymer methyl groups dynamics were thus
investigated identifying and characterizing the librational peaks in the VDOS re-
vealed by TOSCA (see Fig. 4.3). In all cases, the VDOS presents a pronounced and
relatively broad peak centred at about 33 meV followed by other less intense peaks.
The first two peaks are in the energy range where the first librational transition usu-
ally manifest [77]. We may assume that they correspond to the two kinds of methyl
group in PDMAEMA. At first sight, one can realize that the effect of plasticizers on
these peaks, if any, is negligible. To describe the data we invoked the rotational rate
distribution model [82, 100, 77] that assumes a Gaussian distribution of potential
barriers:

(4.10)

Here, Vj is the average value of the potential barrier and oy, the standard deviation of
the distribution. Via Eq. 2.96, the distribution of barriers translates in the following
distribution of librational energies:

- 2
182 . 1 —((5%)1'82—(ﬁ>1‘82>

F(Ey) = —2F
(Eo) = §a7bor g P

(4.11)

The parameters characterizing the underlying distributions of potential barriers were
obtained from the two first peaks in the VDOS, which were attributable to the first
librational energies of the two kinds of methyl groups. We described this range of the
VDOS with the superposition of two functions expressed by Eq. 4.11 and weighted
by pre-factors, plus a flat background; we also included in the fitting function an
additional broadened peak to account for the third maximum, in order to take into
account possible contributions of this peak in the high-energy flank of the second
one. The result of such fitting procedure for the data on the dry sample is the solid
line in Fig. 4.3. The parameters deduced for the two first peaks on all samples are
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shown in Table 4.4. The area of the first peak was about two times the area of the
second one. Considering the two kinds of methyl groups in PDMAEMA, we can
relate the former to the librations of the methyl groups of the side chain (SG-MG),
and the latter to the libration of the methyl group of the main chain (MC-MG). We
note that the outcome of these TOSCA results is crucial for the analysis of QENS
data, since it provides valuable information about the dynamics of the methyl-
group rotations contributing to the quasielastic signal in the temperature range
investigated, allowing thereby fixing quite a number of parameters in the model
function used in the QENS analysis.

Table 4.4: Parameters characterizing the methyl-group dynamics of dry
PDMAEMA and PDMAEMA in mixtures with dI'HF and with D,O obtained
from TOSCA experiments.

First Peak Second Peak
Dry THF D,O | Dry THF DO
E_(n(meV) 33.03 334 322 | 41.3 419 40.08

oy, (K) 410 390 435 | 455 435 505
Vg(K) 2293 2344 2193 | 3449 3541 3374

Parameters

4.3.3 Intermediate Scattering Functions

The function accessed by QENS is mainly dominated by the incoherent scattering
function from all the hydrogens in the sample. This is obtained from the superposi-
tion of the individual hydrogens as: S(Q,t) = N~! Zgzl Sa(Q,t) (in the following,
we will skip the label ’inc’), where the index « refers to the kind of hydrogen in
the PDMAEMA component. So, a can be: main-chain methylene hydrogen (MC-
ME) (2 hydrogens out of 15 per monomer unit); main-chain methyl-group hydrogen
(MC-MG) (3 out of 15); side-group methylene hydrogen (SG-ME) (4 out of 15) or
side-group methyl-group hydrogen (SG-MG) (6 out of 15). At the temperatures
where QENS experiments were performed, molecular motions are expected to be
spatially localized. As shown in Chapter 2, the intermediate scattering function
describing a localized motion is given by:

S(Q,t) = A[EISF + (1 — EISF)é(t)] (4.12)

The pre-factor A parametrizes the fast contributions (fast motions like vibrations
leading to the decay of correlations at times shorter than those accessible by the
instruments). For sake of simplicity, we assumed this vibrational parameter to be the
same for all hydrogen atoms in PDMAEMA. The information about the geometry of
the local motion is given by the elastic incoherent structure factor (EISF), while the
dynamic information (time dependence) is contained in the function ¢(t) (further
information can be found in Chapter 2). Due to the heterogeneities of the amorphous
systems investigated, in the general case we expect ¢(t) to result from a distribution
of single exponential functions:

o(t) = / hllog(r)]exp(—t/7)dlog(r) (4.13)
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Now we define the model functions for each kind of hydrogen in our polymer.

(i) Main-chain hydrogens:

(i.a) Main-chain methylene hydrogens. Given the temperature range investi-
gated, we assumed that segmental motions are completely frozen. This implies that
main-chain methylene hydrogens only vibrate around their equilibrium positions
leading to an elastic contribution, i. e., Syc_me(Q,t) = A.

(i.b) Main-chain methyl-group hydrogens. As for the MC-ME hydrogens, we
assume that motions related to segmental relaxation are frozen. However, MC-
MG hydrogens may display an additional mobility, namely rotations. From the
analysis of TOSCA results (second peak of the VDOS) we have deduced a value
of the average potential barrier for main-chain methyl group rotations V3 of about
3500 K (see Table 4.4). This implies that in the temperature range here considered,
these hydrogens undergo stochastic jumps (rotations) among the three equivalent

positions in the 3-fold potential. The scattering function for such motion is given
by Eq. 4.12 with

EISFy = 1(1 +2 (4.14)

: sin(Qram) )

Qrum

being rpy = 1.78 A the distance between hydrogens in a MG. The time dependence
o(t) in Eq. 4.12 was fixed from TOSCA results, since they provide full information
about the distribution of potential barriers g(V3) which finally translate in a dis-
tribution of rotational rates. The activation energy of stochastic jumps is related
with the barrier via Eq. 2.96. Using this relationship, the distribution function of
activation energies H(FE,) was calculated from the g(V3) deduced by the TOSCA
analysis [Eq. 4.10]. The obtained curve H(EMY) was then fitted by a Gaussian
distribution in order to calculate its width and average value (0gve and EM¢). The
characteristic time corresponding to a given activation energy is expressed as:

EMG

™G = F;}exp( /{;T> (4.15)

Thus, a Gaussian H(EM%) translates into a log-normal distribution of characteristic
times h[log(Taxq)] [Eq. 4.8] with a width oyg = (ogmclog(e))/(kpT) and log(Tue)
defined from Eq. 4.15 with EMG = EMG_ For the I'y, parameter the value I'y, =
5 meV, typically found in polymers [77], was chosen. We note that by fixing this
value of I', all parameters involved in the scattering function of MC-MG hydrogens
were fixed (except the common pre-factor A).

(ii) Side-group hydrogens. By dielectric spectroscopy we have detected and char-
acterized a secondary () relaxation related to the polymeric component. The re-
orientational motions of the dipole moment —located in the side-group— giving rise
to this relaxation, could then be attributed to dynamical processes involving the
side-group atoms in PDMAEMA. We would then expect that the dynamic func-
tion describing the time evolution of the localized atomic motions underlying the
p-process —we shall call it ¢g(t)— could reflect the distribution of mobilities ob-
served by dielectric spectroscopy ( i. e., Eq. 4.13 with Eq. 4.8 and Eq. 4.9). We thus
have assumed for this function ¢g5(t) a distribution of exponentials corresponding
to a Gaussian distribution of log(7sg). Regarding the EISF characterizing these
localized processes, a plausible geometry would be that of a confined motion on a
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disc of radius R:
EISFeq — é(1 +250(QR) + 2j0(QRV3) + jo(QQR)> (4.16)

This kind of geometry was found to work describing the incoherent scattering func-
tion of hydrogens in polyethylene [101] (PE). The spatial extent of the motion —
parametrized by the radius R— would depend on the particular kind of hydrogens
within the side-group (note that all hydrogens in the side-group shall participate in
this process).

(ii.a) Side-group methylene hydrogens. These atoms are assumed to undergo
vibrations and the above-described side-group motions within a disc. We found
that a suitable value for R was 3 A, which is rather close to that reported for
hydrogen motions in semicrystalline PE [101] .

(ii.b) Side-group methyl-group hydrogens. In this case, we estimated that the
radius of the disc is determined by the distance between the centers of mass of the
methyl groups (this distance is 3.34). That is, R = rgg_yme = 1.65 A. Moreover, we
considered the contribution of the methyl group rotations. The scattering function
corresponding to this motion was constructed in an analogous way as above described
for the MC-MG hydrogens, based on the TOSCA results of the first librational peak.
Assuming simultaneous occurrence of both localized motions (side-group localized
motions on a disc and rotations around the corresponding methyl carbon), the total
intermediate scattering function for SG-MG hydrogens was built as the product of
the two functions corresponding to these individual processes. Summarizing, the
model intermediate scattering function used to describe the QENS results was:

S(Q.1) = A{ 2 + 2 [BISFya + (1 - EISFya)MS 0 (1) +

15 15
4
— [EI FSG—ME 1— EI FSG—ME ¢
6
+ 15 (BISFSG™MC + (1 = BISFSG ) 656(1))) *

s (EISFye + (1 — EISFue)d5% M4 ()] }

In the fitting procedure with Eq. 4.17 we fixed all the parameters characterizing
the geometry of the motions of the hydrogens of PDMAEMA, as well as the time
dependence of the methyl group rotations from the TOSCA data analysis. Thus, the
only free parameters left were A, and o and log(7) in ¢sc(t) . We started with the
case of the PDMAEMA /dTHF mixture where QENS data are of the best quality
(wider dynamic window and T-range and time-scale of localized SG-motions better
centred in the QENS window).
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Figure 4.9: Arrhenius plot of the relaxation times of the polymer component
revealed by DS in THF mixture (red filled circles) and dry PDMAEMA (empty
squares). The Q-averaged QENS results are represented as empty circles for
PDMAEMA /dTHF, blue diamond for PDMAEMA /D20 and filled square for dry
PDMAEMA. In these fits, Eq. 4.17 was used (f=1 in Eq. 4.19 has been assumed
(see the text)). Solid line is an Arrhenius fit of the DS data of PDMAEMA in
the mixture with THF, which is assumed to represent the fast component of the
[-relaxation in the dry system. Dashed line is the deduced slow component of this
process (see the text). Bars represent the width of the distribution function deduced
from the values of the FWHM shown in Fig. 4.8(b).
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At 250 K, the width of the distribution of the relaxation times of side-group
motions was fixed imposing the og obtained from dielectric spectroscopy results
on the [f-process (see Fig. 7(b)). The only free parameters were then the pre-
factor A and the average characteristic time for the localized motion of hydrogens
underlying the -relaxation. The curves obtained by this fitting protocol match very
well the data at times longer than approximately ~ 10 ps, as shown in Fig. 4.4(b).
Obviously, the fast contributions cannot be well parametrized by a simple pre-factor
for times shorter than this value. The values obtained for the average logarithm of
the characteristic time for the side-group motion [log(7) in Eq. 4.8] are displayed
in Fig. 4.10 as function of Q. They are practically Q-independent, as it would be
expected for a localized motion. The resulting Q-averaged value < log(7) > agrees

very well with the DS time log(7ps) (see Fig. 6(b)). Such a nice agreement fails
at higher temperatures. At the highest T investigated (290 K), the data are not
compatible with the broad distribution of characteristic times extrapolated from
the lower-T DS data. Leaving also o4 as free parameter in the fitting procedure
(see fitting curves in Fig. 4.4(a)), we obtained a markedly lower oz value (~0.48
vs 1.03). Regarding the characteristic time, we also found a nearly Q-independent
behaviour. The resulting value < log(7) >¢ (shown in Fig. 4.9 as empty circles) is
nearly indistinguishable from that extrapolated from DS study. At 270 K, taking
into account this result, we fixed the value of o3 to that interpolated between those
used at 250 K and 290 K ( 03 = 0.75, T" = 270K). The resulting < log(7) >¢ is
included also in Fig. 4.9 showing a good agreement with DS results as well. For
the dry polymer, we fixed the value of o3 to that extrapolated from DS results.
The obtained fitting curves describe reasonably well the data and are displayed in
Fig. 4.11 for T=290 K. The value of < log(7) >¢ for this temperature is included
in Fig. 4.9 and is about a factor of 8 larger than that deduced from DS. In the case
of the hydrated polymer, since no information about the dielectric g-relaxation is
accessible due to the large water contribution, we fixed the o4 value to that obtained
by DS in the PDMAEMA /THF mixture. Figure 4.12 shows the good description of
the incoherent scattering function achieved for the average value of the characteristic
time displayed in Fig. 4.9. This characteristic time is significantly larger than that
obtained for the mixture with THF.
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4.4 Discussion

4.4.1 PDMAEMA o-Relaxation

We found, as usually reported [42, 44|, a decrease of the glass transition temperature
T, of the polymer upon addition of solvents. This can be directly observed from
the DSC investigation for the two mixtures (arrows in Fig. 4.1 and Fig. 4.7(a),
top). The shift induced by both solvents is nearly the same, but the presence of
water leads to a much broader signature of the glass transition (Fig. 4.7(a), top).
This effect might be a consequence of the hydrogen bonds formed in the aqueous
mixture. From the FWHM of the loss peak (Fig. 4.8(a)), we can see that the
dielectric characterization of the PDMAEMA a-relaxation in the dry state reveals
a strong dynamic heterogeneity at low temperatures, approaching 7}, that becomes
less relevant as the temperature increases. In polymer mixture with THF, we observe
an extra broadening at high temperature that could be associated to concentration
fluctuations.

Regarding the T-dependence of the relaxation time, the polymer in the mixture
with THF appears less 'fragile’ in the Angell clasification [7] than in the dry system.
As can be seen in Table.4.2, the parameter m drastically changes with THF addition,
leading to a much less fragile behaviour. This observation is in agreement with
typical plasticizing effects reported in literature (e.g. polyvinyl chloride (PVC) and
PVC with dioctyl phthalate (DOP) [44], poly(vinyl methyl ether) PVME/H,0 [42]).

Now we focus on the changes induced in the glass-transition temperature of the
polymer observed by DS and DSC. The shift deduced from DS analysis is 83 K,
rather stronger than that obtained from DSC from the inflection point (i.e., from
the maximum of the C}* derivative (see Fig. 4.7(a)). However, this apparent dis-
crepancy between the observation by the two techniques disappears if we consider
the onset temperature T, 2., (see Table 4.2 and Fig. 4.7(a) top). Noteworthy, the
values of the glass-transition temperatures 7,”% and T,"5C , nearly coincide for both
systems. This indicates that dielectric relaxation is very sensitive to the onset of
the molecular motions involved in the glass-transition. In the particular case of
PDMAEMA, this could be related with the fact that the dipole moment is mainly
associated to the side-group. Such feature would also explain the above observed
large broadening of the dielectric relaxation close to the glass-transition (~ 4 decades
in both dry and mixture). Similar behaviour has been observed in other systems
with bulky side groups like poly(n-alkyl methacrylates) (PnMAs) [102].

4.4.2 Methyl-Groups Dynamics

TOSCA experiments have allowed a detailed characterization of PDMAEMA methyl-
group dynamics. The values of the average potential barrier and the widths of the
distribution functions of the main-chain methyl-group are in the range of MC-MG
in vinylic polymers as polyisobutylene (PIB) [103, 104, 105] , poly(a-methylstyrene)
(PaMS) [106], and poly(methyl methacrylate) (PMMA) [106] . On the other hand,
the values F, for the side-group methyl group (SG-MG) rotations are lower than
those of the MC-MG. This was also the case in PMMA (ester-methyl) [107, 108] and
poly(ethyl methacrylate) (PEMA) [109] . The obtained results in the mixture quan-
titatively confirm that plasticization does not significantly produce either a shift of
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4.4. DISCUSSION

the average value or an extra broadening of the distribution function of potential
barriers.

4.4.3 Localized Side-Group Motions of PDMAEMA in the
Glassy State

S, W ——
250 K
8.5 | .
_ lag(tDS)
o~
= 3
o - = — === ———]
< L g
—_
95| J
T R L
0.5 1 1.5

Figure 4.10: Momentum-transfer dependence of the average characteristic time
associated to the local dynamics of side-group hydrogens in PDMAEMA in mixture
with THF obtained from QENS at 250 K. Solid line indicates the result from the
dielectric study on the S-relaxation at the same temperature. Dotted line shows the

Q-averaged value of the QENS result < log(7) >¢.

Dielectric spectroscopy reveals local motions under the so-called S-relaxation. A
significant change of this process occurs in the presence of THF molecules. Poly-
mer dynamics appear faster in THF solution and the apparent activation energy
is affected by the presence of THF molecules (Table 5.1). Moreover, a strong re-
duction of the dielectric strength (Fig. 4.5(b)) and a narrowing of the characteristic
relaxation times distribution (Fig. 4.8(b)) are found. These observations resemble
the situation reported for PVC upon addition of DOP [44]. In that case, this was
attributed, as in the case of Bisphenol-A Polycarbonate [48], to the presence of two
distinct contributions (a fast and a slow component) to the dielectric S-relaxation
of the neat polymer. At high temperature, the fast component would dominate the
dipole reorientation, while, as the temperature decreases, the slow component would
get more relevance. When comparing the results obtained for the dry polymer and
in the mixture, we observe a rather good agreement at high temperature regarding
both the characteristic time (points in Fig. 4.9) and the width of the distribution
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Figure 4.11: Intermediate scattering function of PDMAEMA hydrogens in the
dry sample at T=290K and the different Q-values indicated described by Eq. 4.17
(dashed line). Solid line is the description of the highest-Q) results by assuming a
fraction of slow atoms (see the text).

(bars in Fig. 4.9). On the contrary, at low T the distribution in the mixture remains
about the same as at high T, while in the dry polymer a much broader distribution is
found. In addition, the average time of such distribution is larger in the dry polymer
than in the mixture. These results could be rationalized on the basis of the existence
of two components in the dry system. At high T the fast component would dominate
in both samples. At low T, the S-process in the mixture would reflect only the fast
component (with similar distribution width as at high T). This suggests to identify
the fast component of the f-relaxation in the dry polymer with the single process
detected in the mixture. Therefore, it would be characterized by the parameters
shown in Table 5.1 corresponding to PDMAEMA in the mixture with THEF'. In the
dry state, the presence of a slower component would be evidenced by the broader
distribution and the larger average time at low T. We may estimate the relaxation
time characteristic for the slow component 75°* in the following way. First, a value
can be estimated from the lowest temperature results (T=140 K). Assuming that
the distribution width of the fast relaxation time of the dry polymer is similar to
the one of the polymer in the mixture (as at high T), the non-overlapping zone of
the bars at such low T (see Fig. 4.9) could be attributed to the distribution of the
characteristic time of the slow component. Thus, such distribution spans over the
range —0.2 < log(7(s)) < —2.4. The characteristic time 7°°“ could be determined
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Figure 4.12: Intermediate scattering function of PDMAEMA hydrogens in
PDMAEMA/D,O at T=250K and the different Q-values indicated described by
Eq. 4.17 (dashed line). Solid line is the description of the highest-Q) results by
assuming a fraction of slow atoms (see the text).

from the center of this interval, namely log[r*¥(s)](T = 140 K) = —1.3. Now,
assuming an Arrhenius law with the same pre-factor as that for the fast component,
the dotted line in Fig. 4.9 has been obtained for 75/°%. The corresponding activation
energy would be ~0.32 meV.

Dielectric spectroscopy provides an insight into the molecular motions through
the dipole-dipole correlation function; direct information at atomic scale is revealed
by QENS. The QENS results have allowed selectively following the hydrogen dynam-
ics of the polymer component in the systems. For PDMAEMA in the mixture with
THF at 250 K, they have revealed side-group localized motions with similar char-
acteristics of the dielectric S-process. This agreement allows to assume that in this
case QENS is sensitive to the microscopic motions responsible for the [-relaxation
detected by DS. These data can be well described by assuming for the localized
motions of side groups confined rotations on discs of 3 A radius for methylene hy-
drogens and 1.65 A radius for methyl-group hydrogens. Thus, we have been able to
estimate the spatial extent of the localized motions involved in the g-relaxation of
the polymer in the mixture with THF.

At higher temperatures —270 and 290 K— a narrowing of the distribution function
of characteristic times has been observed with respect to that expected from DS
results. We note that these temperatures are already relatively well above the glass
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Figure 4.13: Wavevector dependence of the characteristic times of the stretched
exponential function characterizing the intermediate scattering function of the a-
relaxation in the mixture with THF at 290K. Dashed line is a power law 7, o< Q~%/#
corresponding to Gaussian behaviour. The horizontal dotted line indicates the value
of the corresponding characteristic time 7,, deduced from the dielectric spectroscopy
study and the vertical arrow marks the location of the Q-value at which this time
matches the NS results. For comparison, the static structure factor measured by
X-ray diffraction on this system has also been included (continuous line).

transition in the mixture. Therefore, this narrowing could be an apparent effect due
to the additional dynamics —a-relaxation— superimposed to the localized motions at
such high temperatures. We have thus fitted the QENS data at 290 K by assuming
simultaneous occurrence of the a-process and S-process. The a-process would be
characterized by a stretched exponential intermediate scattering function:

5a(Q.t) = exp[—(t/7,)"] (4.18)

with the f-parameter determined from the DS analysis (8 = 0.38 for T=290 K).
The model scattering function was thus built by multiplying Eq. 4.17 — with all
parameters fixed as from DS and TOSCA experiments— with Eq. 4.18. Thereby,
only two parameters were allowed to float: the pre-factor A and the Q-dependent
characteristic time 7,,(Q). The resulting descriptions were very satisfactory, with the
characteristic times displayed in Fig. 4.13. As expected, these times show a strong
dispersion with Q, which can be rather well described by the power law 7,, oc Q~2/#
corresponding to the Gaussian approximation [110, 111, 112, 113]. In this figure
we have also included the value of the characteristic time obtained from DS for the
a-relaxation. This value agrees with the value expected for 7,(Q) at @ ~ 0.4 AT
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4.4. DISCUSSION

It has usually been reported that such a coincidence occurs for @ ~ 1A in glass-
forming polymers [114]. However, for polymers like poly(vinyl acetate) (PVAc) and
poly(alkylene oxide)s (PAOs) —also with relatively bulky side groups— it has been
found that the matching takes place at lower Q-values, which have been identified
—within the experimental uncertainties— with the Q-value @), corresponding to the
inter-chain correlations of the static structure factor S(Q) [115, 116]. In Fig. 4.13
we have also represented the results for S(Q) as measured by X-ray diffraction on
the PDMAEMA /THF sample. As can be seen in this figure, the coincidence of DS
and QENS characteristic times for the a-relaxation of PDMAEMA in the mixture
with THF also takes place around @,z

We now move to discuss the QENS results on the dry sample. From the previous
analysis we have deduced a characteristic time scale for H-motions about 8-fold
longer than that observed in the mixture with THF (see Fig. 4.9). Interestingly, the
QENS time found for dry PDMAEMA is close to that estimated from DS for the
slow component of the -relaxation. This observation suggests the presence of a slow
proton population in the dry polymer. Such a fraction of slowly moving atoms was
not considered in the previous analysis. Therefore, we have reconsidered the model
used to describe the QENS data on the dry polymer. In this high temperature
range, DS results show coincident time scales for both, dry polymer and in the
mixture. This is indicative of the existence of a common molecular motion, that can
be identified as that detected and characterized by QENS in the mixture. Thus, for
describing the intermediate scattering function of hydrogens in the dry sample, we
assume a combination of a fraction f of protons undergoing the molecular motion
in common and the rest (I-f) being much slower and giving an effectively elastic
signal in the accessible dynamic window:

Sdry<Q,t) _ meimture(Q7t> + (1 _ f)A (419)

Here S™®ture(Q, t) is given by Eq. 4.17 and A is the common pre-factor accounting
for faster processes. This model describes well the data of the dry polymer for all Q-
values and temperatures investigated (250, 270 and 290 K) with a value of f = 0.65
(see as an example the solid line in Fig. 4.11).

When considering the outcome of the analysis of the QENS data on the aque-
ous mixture, we find a similar situation: the characteristic time found is again
larger than that obtained for the THF mixture. Also in this case we may assume
a slower component in the intermediate scattering function. Reanalyzing the data
with Eq. 4.19 we also obtain a nice description of the experimental QENS data (see
Fig. 4.12) with a value of f = 0.75.

After this synergetic approach combining the results from both DS and QENS
techniques we can propose the following scenario: in the dry polymer, two (fast
and slow) local molecular motions coexist, both controlling the dielectric relaxation
—dipole reorientations— at low temperature. Addition of solvent molecules seems
not to affect significantly the fast motion, but reduces the population involved in
the slow process. This reduction is nearly complete in the THF mixture. However,
water molecules produce only a partial reduction. The observed reduction of the slow
motions in the mixtures could be attributed to the release of the steric hindrance
and/or to a weakening of some interactions between side-groups. In the case of the
THF mixture, there is a one-to-one ratio between solvent molecules and monomeric
units, which would be sufficient for a nearly complete effect. In the water mixture,
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there is a 4:1 ratio between water molecules and monomers. However, in Chapter
2 the structural properties of PDMAEMA/THF 30 wt% and PDMAEMA /H,O
30 wt% have been discussed revealing that, while THF molecules appear to be
homogeneously distributed within the sample, in the aqueous mixture the presence
of water clusters have been observed. As a consequence, the coexistence of regions
where the polymer would be hydrated and regions without presence of water has
been invoked to explain the strong heterogeneity observed in the structure factor in
Q range between 0.6 and 1 A~'. In this framework, the remaining slow fraction of
side-groups hydrogens in the aqueous mixture would be due to the presence of those
regions with a low hydration level.
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CHAPTER

5

DYNAMICS OF
TETRAHYDROFURAN AS A
MINORITY COMPONENT IN A
MIXTURE WITH PDMAEMA
(30 WT%-SOLVENT
CONCENTRATION)

This chapter deals with the characterization of the dynamics of the THF component
in the 30 wt% THF mixture. With the purpose of assisting the reader, it might be
useful to recall some relevant results shown in the previous chapters. Regarding
the structural properties of PDMAEMA in the dry state and in PDMAEMA /THF,
X-rays and neutron diffraction show a common peak at ~ 0.5 A='. Tt has been
related to the presence of a kind of nano-phase segregation between side-groups and
main-chains leading to the existence of nano-domains rich in each of the polymeric
subspecies. The size of such a domain is not affected by the presence of THF
molecules. In addition, the presence of THF clusters has not been observed. We
would thus expect that the THF molecules would be homogeneously distributed
within the sample. Moving to the dielectric spectroscopy measurement reported
in Chapter 4, at low temperature three processes in PDMAEMA/THF 30 wt%
are identified (Fig. 1.6). The two main processes have been assigned to dynamics
involving THF molecules —i.e. in the text we refer to them as ’slow’ and ’fast’
THEF process— , while the weak relaxation, at intermediate frequencies, has been
attributed to the S-relaxation of PDMAEMA. This process has been characterized
in the previous chapter combining DS and QENS techniques. In the present chapter,
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we employ the same combination to focus on the dynamics of the solvent molecules
in PDMAEMA /THF 30 wt%.

5.1 Experimental Details

Sample

To exclude the presence of water molecules in pure polymer dAPDMAEMA was an-
nealed for 7 h at 370 K under vacuum. Concentrated mixture with THF 30%wt
(1 molecule of THF/ polymer monomer) was prepared by mixing the dry polymer
with the appropriate amounts of THF.

QENS Experimental Measurements

The cold neutron time-of-flight spectrometer TOFTOF was used to carry out QENS
measurements providing information about the dynamics through the energy trans-
fer analysis of the scattered neutrons. Using A = T7A, an energy resolution of 25
pneV was achieved. In the experiment, a flat aluminum sample holder sealed by
indium wire was used in order to prevent solvent loss. The thickness of the sample
holder was chosen in order to obtain a transmission close to 90%, to neglect possible
multiple scattering contributions. Vanadium in a flat aluminum cell was measured
at room temperature to correct the detector efficiency after the subtraction of the

empty cell signal. The resolution function was determined measuring the sample at
10 K. dPDMAEMA /THF was investigated at 180, 200, 250 and 270 K.

5.2 Quasi-Elastic Neutron Scattering Results

QENS data acquired as function of momentum and energy transfer —i. e., of () and
hw— were transformed into time domain and deconvoluted from the instrumental
resolution following the procedure previously explained in Chapter 4. Figure 5.1
shows, as an example, the such obtained final intermediate scattering functions for
some representative ()-values and two different temperatures. In the relevant Q-
range for the QENS measurements, the incoherent fraction of the total (coherent
plus incoherent) differential cross section of this sample amounts to about 0.75 in
average, as can be deduced from the DNS data shown in Fig. 1.9(a) in chapter 3.
These DNS data thus confirm that the incoherent contribution largely dominates
the signal for this sample. We also emphasize that this incoherent contribution
is basically due to the hydrogens in the THF component: the ratio between the
incoherent cross section from these nuclei and the total incoherent cross section
is 0.9. The intermediate scattering functions show more pronounced decays at the
higher temperature, with a tendency to reach a plateau in the long-time regime. For
a given temperature, the characteristic time for the decay does not show a clear Q-
dependence suggesting the occurrence of spatially localized motions in the window
investigated.
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5.2. QUASI-ELASTIC NEUTRON SCATTERING RESULTS
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Figure 5.1: Intermediate scattering function of THF hydrogens in the mixture at
different )-values and 7" = 200 K (a) and 7" = 250 K (b). The Q-values are given in
(b) in A", Datain (b) have been restricted to times shorter than 30 ps. Continues
lines show the fits considering only the ’fast’-THF process with the model described
in the text.
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5.3 Data Analysis and Modelling

5.3.1 Dielectric Spectroscopy

In the previous chapter, the dielectric contribution related the polymer S-relaxation
in THF mixture has been analysed. Now, we focus on the processes due to the THF
molecules: the 'slow’ and ’fast’ ones. The characteristic times (obtained by using the
fitting procedure described in chapter 4) and the width of the distributions (calcu-
lated via Eq. 4.9) are represented in Fig. 5.2 as functions of the inverse temperature.
The relaxation times of both the ’slow’ and the fast’ processes of THF follow an Ar-
rhenius temperature dependence. As a comparison, the Arrhenius parameters of the
three processes in the mixture are shown in Table 5.1. Regarding the widths of the
distributions, that corresponding to the PDMAEMA process shows a rather weak
temperature dependence, in contrast to those related to the THF dynamics. In all
cases, this parameter could be characterized, within the experimental uncertainties,

by laws given by
4 + (5.1)
0= —+40 .
T

The parameters obtained are also compiled in Table 5.1.

‘fast’-THF | S-PDMAEMA | ’slow’-THF

log[ro(s)] | -133 £ 05 | -141+02 |-175 + 0.2
E,(meV) | 104 £5 262 £ 5 459 £ 9
A(K) 185 £ 10 | 40 + 8 280 =+ 10
Too 20.01 £ 0.08 | 0.9 + 0.1 0.12 + 0.09

Table 5.1: Parameters characterizing the temperature dependence of the dis-
tributions of characteristic times (position of the maximum following the Arrhe-
nius law and width obeying Eq. 5.1) of the sub-T, processes identified in the
PDMAEMA /THF mixture

5.3.2 Quasielastic Neutron Scattering

QENS experiments were performed at temperatures below or slightly above the
glass transition of the sample, where THF molecular motions are expected to be
spatially localized. Hence, the incoherent intermediate scattering function describing
a localized motion was taken into account:

S(Q.t) = [EISF + (1 — EISF)¢(t)] (5.2)

Due to the heterogeneities of the amorphous systems investigated, a distribution of
single exponential functions was assumed:

olt) = / hllog(r)]exp(—t/)dlog(r) (5.3)

From the DS investigation, we know that THF molecules are involved in two dy-
namical processes —the ’slow’” and the fast’ one—. Moreover, the DS study provided
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5.3. DATA ANALYSIS AND MODELLING
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Figure 5.2: (a) DSC results (temperature derivative of the reversible part of the
heat capacity in arbitrary units) on the hPDMAEMA /THF mixture. Inverse tem-
perature dependence of the parameters characterizing the processes monitored by
dielectric relaxation: (b) position of the maximum and (c¢) width of the distri-
bution function of relaxation times. Filled circles correspond to the ’slow’ THEF-
process, filled squares to the fast’” THF-process and empty circles to PDMAEMA
p-relaxation in the mixture. Lines in (b) are Arrhenius fits and in (b) corre-
spond to the law (Eq. 5.1) with the parameters given in Table 5.1. Dotted lines
are extrapolations. In (b) the Vogel-Fulcher law describing the behavior of the a-
relaxation —attributable to the polymer component— is included (dashed curve), and
the dashed-dotted line depicts a suggested Vogel-Fulcher extrapolation of the 'slow’
THF-process toward high temperatures. The shadowed area indicates the width of
the calorimetric glass-transition.
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Figure 5.3: Magnification of the Arrhenius plot [Fig. 5.2(a)] in the region of interest
for the QENS investigation (the location of the temperatures studied by QENS
are indicated by the dotted vertical arrows). Only results referring to the THF
component are represented. Solid lines are the Arrhenius fits shown in Fig. 5.2(a).
Dashed lines represent the curves log7T £ o of the THF contributions delimiting
the region where the distribution function of characteristic times presents the most
relevant contribution. The @Q-averaged results obtained for the ’slow’-THF process
from the QENS investigation are included as empty circles. The error bars show
their variance (see Fig. 5.6).

valuable and accurate information about the distributions of relaxation times un-
derlying both relaxational processes (h”(log 7), with log(rcc) and o following the
Arrhenius equation and 5.1 with the parameters given in Table 5.1). These processes
take place with rather different characteristic times (see Figs. 5.2 and 5.3). Taking
into account the dynamic range covered by the QENS experiments (= 1 to 100 ps),
we would expect that the 'fast’-THF process dominates the decay of the intermedi-
ate scattering function at all the temperatures investigated. However, a contribution
of the ’slow’-THF process could also be expected to be appreciable at long times in
the high temperature range explored (see Fig. 5.3). With this information at hand,
we applied the following strategy to analyze the QENS results:
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5.3. DATA ANALYSIS AND MODELLING

Characterization of the ’Fast’-THF Process

As argued above, the main dynamic contribution to the QENS spectra is expected
to be that of the 'fast’-THF process. The corresponding intermediate scattering
function S¢(Q,t) can be built invoking that of a localized motion (Eq. 5.2) with
an a priori unknown EISF = EISFy and ¢(t) = ¢;(t) given by Eq. 5.3 with the
distribution function of relaxation times fixed to that determined by DS for the
'fast’-THF process h(log ) = h? S(log 7). A global pre-factor A was also included in
the fitting procedure, which parametrizes the even faster contributions (motions like
vibrations leading to the decay of correlations at times shorter than those accessible
by the instrument). With this model, very good fits were obtained at the two lowest
temperatures investigated (see representative examples for 200 K in Fig. 5.1(a)). At
higher temperatures, this description was acceptable if the time window considered
was restricted to approx. t < 30 ps (see Fig. 5.1(b)). The so obtained values of the
EISFy parameter are depicted in Fig. 5.4. They decrease with increasing () and
seem to reach a saturation value of about 0.5, at least at the lowest temperatures
considered. This behavior can be well described by the FISF' corresponding to a
jump between two equivalent positions,
1 sin(Qd

EISFjymp = 3 (1 + %) (5.4)
were d is the jump distance. The fit of Eq. 5.4 to the obtained E1SF; data delivers
the characteristic jump lengths for the fast’-THFE process d; represented in the inset
of Fig. 5.4. For the two lowest temperatures investigated, they are close to 3 A, while
there is a tendency of this parameter to increase at higher temperatures. We re-
mind though that, in such a temperature range, QENS results could be significantly
influenced by the ’slow’-THF process characterized by DS (see Fig. 5.3).

Characterization of the ’Slow’-THF Process

At 250 and 270 K the ’slow’-THF process indeed contributes to the long-time decay
of the intermediate scattering function. This is illustrated in Fig. 5.5 for the case
of 250 K and ) = 0.8 A™". For these conditions, the dotted line shows the inter-
mediate scattering function corresponding only to the 'fast’-THF process (and fast
vibrational contributions) obtained as described in the previous analysis step. Ob-
viously, this curve does not describe the tendency at long times (¢ > 30 ps approx.)
of the experimental data. We thus analyzed the high-temperature QENS results
considering the occurrence of both kinds of motions, aiming to obtain additional
information on the ’slow’-THF process, in particular regarding its geometry. We
assumed the a priori simplest scenario: simultaneous (independent) occurrence of
the localized ’fast’ and ’slow’ processes in THF. This translates into the following
intermediate scattering function:

S(Q,t) = A{[EISF; + (1 — EISF;)o;(t)|[EISF, + (1 — EISF,),(t)]}  (5.5)

where the two intermediate scattering functions corresponding to each process are
multiplied.

We tried to fix the maximum number of parameters in the fitting procedure.
Therefore, we considered FISFy to be given by Eq. 5.4 with a temperature inde-
pendent value of dy = 3 A (that deduced in the previous step for 180 and 200 K,
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Figure 5.4: Wavevector dependence of the elastic incoherent structure factor cor-
responding to the 'fast’ THF-process obtained from the analysis of the QENS results
in terms of a unique contribution (and vibrations, see the text). Dashed lines are
fits to the EISF corresponding to 2-sites jump. The resulting values of the jump
distance d; are represented as function of temperature in the inset.
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5.3. DATA ANALYSIS AND MODELLING

S(Q,0)

S(Q,0)

Figure 5.5: Intermediate scattering function of THF hydrogens in the mixture at
T =250 K (a) and T'= 270 K (b) and the different @)-values indicated. Continues
lines show the fits considering both, the fast’ and the 'slow” THF process with the
model described in the text (Eq. 5.5). For @ = 0.8 A7, the description obtained
assuming only the ’fast’ contribution is shown for comparison as a dotted line.
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where QENS data are free from slower contributions), and ¢¢(t) to be completely
fixed to that determined from DS. For the ’slow’-THF process, we assumed for ¢g(t)
a Gaussian distribution of characteristic times with the width o, as determined from
the DS study. Thus, only three parameters were allowed to float: the overall am-
plitude A, the average characteristic time log7, and EISF, of the ’slow’-process.
From the (Q-dependence of the QENS results, the most suitable functional form for
the FISF; parameter was found to be that corresponding to motions lying within
a sphere of radius r,:

B8~ Tan)

with a value of 7, &~ 4.3 A. The fitting curves obtained describe very accurately
the experimental intermediate scattering functions, as can be seen in Fig. 5.5. The
values of log 7, used for these descriptions are represented in Fig. 5.6 as function
of the scattering vector and compared with the dielectric counterparts at the same
temperatures. The QENS results oscillate around the values determined from DS.
This behavior could be due to the presence of coherent contributions in the interme-
diate scattering function (note the kind of modulation with the coherent component
of the scattered intensity, see Fig. 1.9(a) in chapter 3), which are very difficult to
take into account in the model function. We have calculated the Q-averaged value
of this parameter as obtained from QENS, (log7,)q, as well as its variance. The
results are displayed in Fig. 5.3 (empty circles and error bars) in comparison with
the dielectric results. As can be seen in this context, the effect from coherent con-
tributions is not so important, mainly at the highest temperature investigated. We
can thus state that, within the uncertainties, the same relaxation times distribution
is found from both, the dielectric and the QENS studies, also for this ’slow’-THF
process.

’ 5 (Sin(Qrs) - ch%(@m)) 2 (5.6)

5.4 Discussion

QENS qualifies both processes as localized motions taking place in a simultaneous
way —i. e., as statistically independent events. Thanks to the combination of di-
electric spectroscopy and QENS techniques, we have been able to characterize their
associated distributions of characteristic times as well as their geometrical features.
It is worth emphasizing that, within the uncertainties, for both processes we have
been able to describe the QENS data with the relaxation times distribution deter-
mined from the dielectric spectroscopy investigation. In the following we discuss on
the nature of the two THF-processes, in view of the obtained results and in the light
of other works in the literature.

Let us assume that the elementary event underlying a given observed process is a
simple activated jump over a barrier E,. Then, its jump rate 1/7 obeys an Arrhenius
law 1/7 = vy exp[—E,/(kgT)], with v, the attempt frequency —which should be
typically of the order of the phonon frequencies in the system, i. e., v, ~ 103571
Let us now assume that structural disorder induces different environments leading
to a distribution of barriers g(E,). In the simplest case, g(E,) is a Gaussian function

9(E.) = S - (—M> : (5.7)
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Figure 5.6: Wavevector dependence of the characteristic time deduced for the
'slow” THF process from the QENS investigation at 250 K (empty symbols) and
270 K (filled symbols). For 250 K, the slow contribution cannot be really resolved
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the dielectric study.
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The existence of this distribution is accompanied by a Gaussian distribution of the
logarithm of characteristic times 7 where: (i) the average characteristic time displays
the prefactor of the elementary process 1/v,; and the average activation energy
(E,) and (ii) the width is simply given by og, log(e)/kgT. This means, if £, is the
only distributed magnitude for an ensemble of simply thermally activated processes
leading to a given relaxation, then: (i) 7., of the Arrhenius equation should have
a meaningful value attributable to a real attempt frequency and (ii) o4 in Eq. 5.1
should be zero.

These two conditions are fulfilled for the ’fast’-THF process. We can thus de-
scribe this relaxation as due to activated motions with activation energies distributed
according a Gaussian function centered around an average value of (Ef) = 104 meV
with a width of O']J;a = 36.5 meV. The value of (E/) is in the range of typical energy
barriers corresponding to simple molecular motions like e. g. methyl-group rota-
tions, but the width is about twice as large as that usually found for such motions
in glassy polymers [77] . A possible reason could be that the environments in the
mixture are more heterogeneous than in bulk polymers. It is also worth comment-
ing that the 'fast’-THF process here reported displays the same activation energy as
the so-called d-process observed by dielectric spectroscopy by Blochowicz et al. [58]
on THF as minority component in mixtures with tristyrene (THF concentrations
orrr=10, 20 and 33%). The characteristic times of such J-process displayed a
¢rur-independent activation energy but decreasing average values with decreasing
¢rur- The fast’-THF process in PDMAEMA would roughly coincide with the infi-
nite dilution limit of the d-process observed in the mixtures with tristyrene. In that
work, applying 2H NMR spectroscopy they found that the motions involved in the
0-process could not be directly identified with conformational transitions between
two different possible configurations reported from ab initio calculations reported by
Rayon and Sordo [117]. An essential ingredient to be considered in order to describe
the experimental 2H NMR spectra was the geometrical distortion induced by the
environment in the mixtures. In this way, Blochowicz et al. identified the occur-
rence of large angle jumps in THF and concluded that the origin of the d-process
should be due to an internal motion of the THF ring. From the QENS study we
have deduced that the motions involved in this ’fast’-process lead to apparent hy-
drogen jumps between two positions separated by approx. 3 A, in agreement with
large angle jumps of the THF-ring as proposed from the 2H NMR study. We also
note that the scenario of very well dispersed THF molecules in the polymeric matrix
would explain the coincidence of the ’fast’-THF process with the ¢ryr — 0 limit
of the d-process reported in the mixtures with tristyrene.

Now we consider the ’slow’-THF process. It does not show any hint of Vogel-
Fulcher like temperature dependence of the characteristic time in the whole tempera-
ture range investigated. In addition, DSC measurements do not reveal an additional
glass-transition in the covered range (see Fig. 5.2(a)). Both observations obviously
contradict that the ’slow’-THF process is a ’conventional’ a-relaxation. Further-
more, the crossover from Vogel-Fulcher to Arrhenius temperature dependence in the
vicinity of the glass-transition of the slower component reported for other binary
mixtures cannot be resolved from our experimental results. The Arrhenius behavior
of the ’slow’-THF process is found up to temperatures well above the glass-transition
of the PDMAEMA component, where the 'slow’-THF process displays characteristic
times as short at some nanoseconds. The crossover, if present in our system, would
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5.4. DISCUSSION

have to be seek at even higher temperatures than those investigated in this work.
The dashed-dotted line in Fig. 5.2(b) represents a speculative extrapolation of the
average characteristic time of the 'slow’-THF process toward high temperatures fol-
lowing a Vogel-Fulcher dependence with a sensible prefactor of 10713 s. To provide
an experimental univocal proof such a behavior is unfortunately extremely difficult,
given the high frequency /temperature region to be explored, implying probable sol-
vent losses and merging of the process with the 'fast’-THF relaxation.

It is noteworthy that in any case the Arrhenius extrapolation of the charac-
teristic time of the ’slow’-THF process to high temperatures becomes unrealistic:
there would be a temperature above which this time would display values smaller
than those of the ’fast’ process or even to those corresponding to typical phonon
excitations. This is due to the small prefactor of the average characteristic time
75 =3.3x 107 s, which can definitely not be attributed to an inverse attempt fre-
quency. Such finding is traditionally interpreted as due to contributions of entropic
origin to the underlying relaxation process. In the Eyring formalism, the prefactor
in the Arrhenius equation would be given by 7., = v ; exp|—AS/(kpT)], where
AS is the activation entropy involved in the molecular motion. In this framework,
AS/kp =~ In(N!), where N is the average number of elementary states involved;
the non-vanishing value of o3, would represent the distribution width around this
average value. Considering v, ~ 103s7!, a value of about 8 is obtained for NNV.
Now let us discuss about the nature of the entities involved in this collective process.

A key result provided by QENS spatial resolution is the evidence for localization
of the relaxation mechanism underlying the ’slow’-THF process. We have deduced
that THF hydrogen motions are spatially restricted within a volume of about 8.6 A
in size. This spatial extent would be in agreement with the above proposed scenario
of confinement of the THF molecules within the nano-domains (most probably in a
side-group rich environment) in the nano-phase segregated PDMAEMA —we remind
that the size of the domains has been determined to be of about 12 A. Moreover, we
have discarded a significant presence of THF clusters in the mixture, at least for the
present concentration (one THF molecule / PDMAEMA monomer). This would
imply that THF molecules are practically screened from each other by the side-
groups of the polymeric matrix. Thus, PDMAEMA side-groups have to be among
the molecular units involved in the relaxational process leading to the ’slow’-THF
process.

We propose the following scenario for the ’slow’-THF process: at very high
temperatures, THF molecules should be able to relax independently from the en-
vironment, with motions occurring with characteristic times in the range of the
picosecond. Upon cooling down, these motions start to couple with the surrounding
environment, which is rich in polymeric side groups. Accordingly, the activation
energy of the THF motion increases. This occurs until the relaxation within the
nano-domain involves N =~ 8. At lower temperatures, THF molecules undergo
such localized motions ’assisted’ by their neighbors within the nano-domain, which
provide a local relatively large mobility. As can be seen in Fig. 5.2(b), in this temper-
ature region the faster relaxational g-process of the PDMAEMA component takes
place. This has been characterized in our complementary QENS study as a localized
motion of the side group involving rotations on discs of 3 A radius for methylene
hydrogens and 1.65 A radius for methyl-group hydrogens. These motions of the
side groups persist below the glass transition of the polymer, when the main-chain
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motions freeze, providing the THF molecules the needed surrounding mobility to be
able to relax.

The crossover in other systems with strong dynamic asymmetry, like e. g. wa-
ter in polymer matrices, is observed because cooperativity effects on the structural
relaxation of the fast component become progressively enhanced with decreasing
temperature down to the region where the characteristic time of this relaxation
reaches values of the order of microseconds. The THF motions involved in our mix-
ture with PDMAEMA seem to not experience such a pronounced cooperativity. We
may argue that in this mixture cooperativity effects arising from THF/THF inter-
actions would be much weaker than in the bulk material or in large enough clusters
of solvent within the polymeric matrix. We could speculate that the key ingredi-
ent for developing cooperativity effects is the direct interaction between molecular
units of the same kind. This is favored if there is a significant number of nearest
neighbors of the same nature around a given relaxing unit of the fast component.
Such a situation is realized if the fast component forms clusters, as it is the case of
water molecules interacting via H-bonds. In mixtures of polymeric units, chain con-
nectivity would naturally provide also a source of collectivity. In our system, THF
molecules seem to be screened from each other by the side-groups of the polymer.
The high molecular mobility associated to these side-groups would induce a kind of
‘plasticization’ effect on THF motions. It is worth mentioning that the important
role of local polymer relaxations on the solvent dynamics was also put forward in a
study of PVME aqueous solutions [42].

Last, we mention that in the mixtures of THF and tristyrene investigated in
Ref. [58] two dielectric relaxations with characteristic times longer than that of the
previously commented ¢ process were also attributed to the THF component. For
orrr=0.33%, the slowest one was found in a similar frequency/temperature regime
as the 'slow’-THF process here reported. That process —called o/~ was interpreted as
the confined a-relaxation of THF molecules in the mixture, but it was characterized
in a very narrow range (characteristic times between about 1 and 107 s.) due to
its merging with the a-process. Thus, a crossover could not be identified. The
relaxation with intermediate characteristic times between those of the so-called o’
and ¢ is independent of THF-concentration and was identified by those authors as
the S-process of the THF component. It was characterized as due to small-amplitude
reorientations of the THF molecules. In our system we could not identify any THF
motion of such characteristics from the QENS investigation, which is selectively
sensitive to this component. In the same time/temperature region though, the
dielectric response of the THF /PDMAEMA mixture presents the dynamical process
that we have assigned to the S-relaxation of the polymer component (see Fig. 5.2(b)).
This identification was proved by a complementary QENS study on the PDMAEMA
dynamics in this mixture, through which we robustly characterized the dielectric
relaxation assigned to the PDMAEMA [-process in terms of polymeric motions
that can also be found in the dry polymer. We thus conclude that the origin of such
intermediate relaxation in triphenyl and in PDMAEMA mixtures with THF has to
be of different nature.
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CHAPTER

§

STUDY ON THE EFFECT OF
CONCENTRATION ON THE
DYNAMICS OF PDMAEMA AND
SOLVENT COMPONENTS IN THF
AND WATER MIXTURES

The aim of this chapter is to elucidate how the different dynamical processes involved
in PDMAEMA mixtures depend on solvent concentration. With this purpose, differ-
ential scanning calorimetry and dielectric spectroscopy measurements were carried
out on PDMAEMA in mixture with THF and water at different concentrations.
After giving the details about sample preparation and experimental conditions, the
results obtained will be shown: first, the structural relaxation and the local re-
laxations of PDMAEMA in the mixture with THF, then the results on the THF
component will be discussed. Finally, in the second part, the work on the dynam-
ics in PDMAEMA aqueous solutions at different concentrations will be presented.
There, dielectric spectroscopy is only sensitive to HoO-component.

6.1 Samples and Experimental conditions

PDMAEMA (Polymer Source) was annealed for 7 h at T = 373 K under vacuum to
exclude the presence of solvent molecules in pure polymer. Mixtures with THF (15,
20, 30, 40, 48 wt%) and with water (20, 30, 40 wt%) were prepared by mixing the
dry polymer with the appropriate amount of solvent during a few days. Modulated
DSC measurements were carried out with an average heating rate of 3 K/min and
amplitude of modulation £0.5 K with a period of ¢, = 60 s. Broadband dielectric
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spectroscopy measurements were carried out by using Novocontrol Alpha-S spec-
trometer to measure the complex dielectric function €*(w) = € (w) — i€ (w), covering
a frequency range of 1072-10" Hz. Measurements were carried out under isothermal
conditions, every 5 K with a temperature stability better than 0.1 K.

6.2 Dynamics in PDMAEMA /THF mixtures

6.2.1 Experimental results

40 3020 15

Figure 6.1: Normalized temperature derivative of the reversible specific heat of
PDMAEMA (black) and THF mixtures: 15 wt% (red), 20 wt% (orange), 30 wt%
(green), 40 wt% (azure), 48 wt% (blue).

Calorimetry measurements

In Fig. 6.1 the normalized temperature derivative of reversible part of the specific
heat dCJ*”/dT of the mixtures is shown. In PDMAEMA /THF 48 wt%, a crystal-
lization peak at around ~130 K was found on cooling. Thus, the increase toward
lower temperatures observed in the region below the glass transition temperature
would suggest a partial melting. For lower concentrations, no sign of THF crystal-
lization was detected during cooling. In Fig. 6.1, we clearly observe a shift of the
glass transition temperature as function of THF concentration. Such a result sug-
gests that the plasticization effect increases with the amount of solvent. However,
this increase does not exhibit a monotonic behaviour. In Fig. 6.2 T obtained by
DSC (from the maximum of the specific heat derivative) as function of the THF con-
centrations is shown. A strong decrease of the glass transition temperature (x50 K)
occurs already at the lowest concentration investigated (15 wt%). Increasing the
THF amount, the shift of 7, appears much weaker up to approximately ~30 wt%,
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Figure 6.2: Temperature of the glass transition measured by DSC in function
of the THF concentration. Points in the box are related to those concentrations
exhibiting an homogeneous distribution of THF molecules in the sample

that is around 1 molecule of THF per monomer. Then the dependence on solvent
concentration becomes stronger, likely also due to the increasing contributions of
THF at high concentration.

Table 6.1: T, values determined from DSC and DS and parameters obtained by
VFT of the characteristic times of the a-relaxation of PDMAEMA in the dry state
and at different THF concentrations by fixing the pre-factor with that obtained for
the dry PDMAEMA (log(o(s)) = —11.7)

cwt% | TP5 (K) | T35 (K) | T2 (K) | B (K) Ty (K)
0 299 285 287 | 1666 £ 6 | 230.8 % 0.3
15 250 230 229 | 1946 +21 | 165 + 1
20 233 215 221 2124 +38 | 15242
30 227 205 204 | 1881 +6 | 142+ 0.3
40 195 175 190 | 1793 +17 | 135+ 1
48 169 155 189 | 1821+ 7 | 129.5 + 0.4

Dielectric Spectroscopy measurements

In Chapter 4 it has been shown that for the 30 wt% concentration it is not possible
to clearly resolve the high temperature process related to the structural relaxation
of PDMAEMA from the large conductivity contributions to € (w). Therefore, the
data analysis was carried out considering the derivative of ¢ (w) with respect to
log(w) in agreement with the study on the PDMAEMA in the dry state and in THF
mixture 30 wt% previously discussed. As an example, the derivatives d¢ (w)/dlog(w)
of representative concentrations at T=250 K are shown in Fig. 6.3. We notice, that
the peaks are shifted in frequency in agreement with a change in 7}
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Figure 6.3: Derivative of € (w) with respect to log(w) at T=250 K of a)
PDMAEMA /THF 20 wt% b) PDMAEMA /THF 30 wt% and ¢) PDMAEMA /THF
40 wt%. Dotted lines show the fits with Eq. 4.2.
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Figure 6.4: Imaginary part of the complex dielectric permittivity at different tem-
peratures below the 7,: a) PDMAEMA /THF 20 wt% b) PDMAEMA /THF 30 wt%
and ¢) PDMAEMA /THF 40 wt%. Continues lines show the fit curves, while black
lines at the lowest temperatures represent the ’slow’-THF component (dashed lines)
and the PDMAEMA [-relaxation component (dotted lines).
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At low temperature, below T}, three contributions were observed in the imaginary
part of the dielectric response of PDMAEMA /THF 30 wt%. Their origin was deeply
discussed by means of a comparative study of the DS results and neutron scattering
spectroscopy investigation on both dry polymer and THF mixture (see Chapter 4
and 5). The processes at lower and higher frequencies have been related to the
THF relaxations, while that at intermediate frequencies was assigned to the fast
component of the S-relaxation of PDMAEMA. In Fig. 6.4 the dielectric permittivity
at representative temperatures of PDMAEMA in mixtures with THF at 20, 30
and 40 wt% is shown in the frequency window 1072 < Hz < 10° to which this
investigation has been restricted. There, the fastest process due to the fast THF
internal motions is not visible. At low concentration two peaks —presumably those
previously assigned to the ’slow’-THF process and the PDMAEMA [-relaxation—
are well resolved. Supporting this identification, the intensity of the loss peak related
to ’slow’-THF process increases with the THF concentration. At high concentration
the polymer contribution is almost covered by the THF process.

6.2.2 PDMAEMA dynamics
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Figure 6.5: Inverse temperature dependence of the characteristic times of
PDMAEMA a-relaxations in the dry state and at different THF concentrations
obtained by DS. Dashed lines are fits with VF'T expression.
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6.2. DYNAMICS IN PDMAEMA /THF MIXTURES

a-relaxation

In agreement with the study on the polymer structural relaxation in PDMAEMA /THF
30 wt%, the derivative of € (w) with respect to log(w) of the THF mixtures was fitted
by Eq. 4.2. The obtained characteristic times 7,,4., calculated according to Eq. 4.3,
are shown in Fig. 6.5. All the samples show clearly a Vogel-Fulcher-Tammann
(VEFT) dependence on temperature, which is expected for a glass-forming material.
We notice that the relaxation times of the highest concentration (48 wt%) are very
similar to those obtained for PDMAEMA /THF 40 wt%. This could indicate a par-
tial segregation of the THF molecules and, therefore, an inhomogeneous distribution
of solvent molecules. In Chapter 4, the characteristic times of the a-relaxation of
the dry PDMAEMA and the THF mixture (30 wt%) were analyzed. We obtained
very similar VF'T pre-factors for both samples. Therefore, assuming that such pa-
rameter does not depend on the THF amount, the curves in Fig. 6.5 were fitted
by the VFT equation with the value of the pre-factor fixed with that obtained for
the dry PDMAEMA (log(7o(s)) = —11.7). The obtained parameters are shown in
Table 6.1. We may define the dielectric spectroscopy temperature of glass transition
(Tfs) as the temperature at which the relaxation time determined by this tech-
nique is 7 = 100 s. The results obtained are given in Table 6.1 and shown with
those deduced from DSC in Fig. 6.6. Starting from the glass transition tempera-
tures observed by DSC, we have already mentioned that, after a strong decrease of
T, occurring even at the lowest THF concentration investigated, the dependence on
the solvent amount appears rather weak up to ¢,;% = 30. This kind of saturation of
the glass transition temperature suggests a homogeneous distribution of the solvent
molecules. This would be related to the preference of THF to be linked with the
polymer instead of forming solvent aggregates. On the contrary, for higher concen-
trations, the dependence becomes stronger suggesting some changes in the samples.
However, it must to be taken into account that, while at low THF concentrations
calorimetry is dominated by the polymer signal (that is the main component of the
mixture), for higher solvent concentrations THF is also significantly contributing.
Comparing the glass transition temperatures observed by DSC with those obtained
by DS, we notice that TgDS < TgDSC up to c¢,:% = 30. However, considering the
onset temperature Tf’SC, the values of the glass transition temperature TgDS and
Tfoiget nearly coincide for these concentrations. This could be attributed to the
property of the dielectric relaxation of being highly sensitive to the onset of the
molecular motions involved in the glass-transition, as it has been argued in Chapter
4. At higher THF concentrations, T gDS does not exhibit a change of dependence on
the THF concentration, as it has been found in the Tf’SC (Fig. 6.2), but it rather
seems to be independent of the concentration. As commented above, this behaviour
could be related to an inhomogeneous distribution of the THF given by a kind of
partial segregation of the solvent molecules.

Figure 6.7 shows an Angell plot (10g(7maz) vs T,°°/T) of the results obtained at
different concentrations. We observe that samples with THF show a ”stronger” be-
haviour than the sample in the dry state. Data corresponding to the different THF
mixtures almost collapse on the same curve suggesting that, after a sudden change,
the fragility of the system hardly depends on the THF concentration.
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Figure 6.6: Comparison of the T}, obtained by DSC (orange squares) and DS (red
circles) and the onset temperatures TgDSC (green diamonds) as function of THF
concentration.

[S-relaxations

Dielectric permittivity results reflecting local relaxations below the glass transition
temperature were fitted by a sum of Cole-Cole (CC) functions, taking into account
both the polymer and the THF contributions. It must be recalled that the study on
PDMAEMA and PDMAEMA /THF 30 wt% carried out by DS and NS spectroscopy
revealed the presence of a fast and a slow component of the polymer [-relaxation
in the dry state. At that concentration it was found that the presence of the THF
molecules did not significantly affect the fast motion but strongly reduce the pop-
ulation involved in the slow process. The obtained characteristic times related to
the PDMAEMA local dynamics in mixtures with different THF concentrations are
shown in Fig. 6.8. The temperature dependence of the polymer (-relaxation was
studied by fitting the relaxation times with the Arrhenius law. The results are
shown in Table. 6.2. We notice, at the lowest THF concentrations (15 and 20 wt%)
as well, that the relaxation times present a rather lower activation energy than
that of PDMAEMA in the dry state. This indicates that even the presence of few
molecules of solvent could hinder the slow component of the g-relaxation of the dry
polymer. Such scenario is also supported by the behaviour of the dielectric strength
as function of the solvent amount (Figs. 6.9(a)—6.10). Indeed, we observe that Ae of
the polymer [-relaxation is rather smaller in presence of THF than in PDMAEMA
in the dry state. Looking at the acc parameter of the CC function (Fig. 6.9(b)),
we notice that the distribution of the relaxation times at the highest concentration
clearly differs from those of the other mixtures. Nevertheless, at this concentration,
it is not trivial to separate the polymer and the solvent components (see Fig. 6.4(c))
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Figure 6.7: Relaxation times of the polymer a-relaxation as function of the
temperature scaled on the calorimetric 7, (Angell’s representation). Empty sym-
bols refer to PDMAEMA in the dry state, while filled symbols represent the
characteristic times in THF mixtures: PDMAEMA/THF 15 wt% (red circles),
PDMAEMA/THF 20 wt% (oranges squares), PDMAEMA /THF 30 wt% (green
diamonds), PDMAEMA /THF 40 wt% (light blue triangles) and PDMAEMA /THF
48 wt% (blue inverted triangles).

and, moreover, the presence of minor crystallization could strongly affect the de-
duced distribution of the characteristic times. Regarding the other mixtures, the
acc parameter appears to be independent on the THF concentrations and takes an
average value rather bigger than that of the polymer in the dry state. Such result
is in agreement with the presence of only the fast component in the PDMAEMA
dynamics in the mixtures. However, it must be mentioned that in the samples with
less than 1 THF molecule per monomer the local composition could vary from place
to place in the sample (some locations where the polymer would have a dry-like en-
vironment and other locations where there would be some THF molecules around).
This would lead to the presence of parts where PDMAEMA is similar to that in the
dry state. As a consequence, there we could imaging a polymer [-relaxation with
both slow and fast components. Nevertheless, due to the THF contribution to our
DS measurements, it is not possible to resolve the eventual loss peak given by such
slow component.

Increasing the solvent amount, up to 40 wt%, the polymer dynamics becomes
faster without significant change in the activation energy. On the contrary, increas-
ing the concentration from 40 wt% to 48 wt%, the relaxation times increase and
become comparable with those obtained for PDMAEMA /THF 30 wt%. This puz-
zling behaviour could be understood taking into account the partial segregation of

121



ﬂ_""I""I""I""I""I""I""I""
[ - PDMAEMA dry :
-1 | -e— THF 15%wt =
- - THF 20%wt #
5 £ - THF 30%wt y k
r =~ THF 40%wt 7 P2
¥— THF 48%wt P £ 2 -]
3L P
— o nex
[7 2} - -
- 7 /3
X, -4 | » > -
Y > ¥
=)
= S E 5%;3/’ J
AN o
-6 | s@f”’/ .
8 ”/ 4 ]
o e ]
o7 [ ™= 5 3
Ly - ]
L re
;3 AN PP PP PP EPIEPIT PP I I

5 5.5 6 . 65 7 75 .
1000/T [K]

=)

85 9

Figure 6.8: Inverse temperature dependence the relaxations times of PDMAEMA
[-relaxation in the dry state (empty symbols) and in THF mixtures (filled symbols).
Dashed lines are fits with the Arrhenius equation.
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Figure 6.9: a) Dielectric strength Ae and b) Cole-Cole shape parameter acc
related to PDMAEMA (-relaxations obtained by the fitting procedure. Empty
circles represent dry PDMAEMA , while filled symbols represent PDMAEMA results

in THF mixtures.

THF molecules suggested for this concentration by the analysis of the a-relaxation
and the DSC measurements. This could lead to an effective solvent concentration
rather lower than expected and, therefore, to a behaviour of the relaxation times
of the polymer [-relaxation similar to that exhibited in the samples with a lower
solvent amount. Nevertheless, the uncertainties increase with the THF amount.

6.2.3 THF dynamics

In Fig. 6.11 the characteristic relaxation times of the THF process (’slow’-THF
process) are shown revealing an Arrhenius dependence on temperature. Solvent dy-
namics results to be faster as we increase the solvent concentration. However, for
the 48 wt% concentration (around 2 THF molecules per polymer monomer), the
relaxation times become larger than those at smaller concentration (40 wt%). The
results were fitted by the Arrhenius equation. In Fig. 6.11 it is clear that the activa-
tion energy of the process does not appreciably change with solvent concentration.
Therefore, in the fitting procedure, the activation energy was fixed by using the
results obtained previously on PDMAEMA /THF 30 wt% (E, = 459 meV). The
results so obtained for the pre-exponential factor are shown in Table. 6.2. The ob-
tained values suggest, in the previously described Eyring framework (Chapter 5),
that the average number of elementary states involved in the molecular motion in-
creases with THF concentration. The width of the distribution of the activation
energies was calculated by using Eq. 4.9 in Chapter 4. We observe that it is pos-
sible to identify two different populations (Fig. 6.12). At high THF concentrations
the o, parameter has larger values than in the samples with a lower amount of
THEF. It must be noticed that the most homogeneous mixture seems to be that
with 30 wt%, that is 1 molecule of THF per monomer. The stronger heterogeneity
observed at higher concentrations can be related to the presence of two kinds of
THF molecules. At low concentration, THF is distributed rather homogeneously
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Figure 6.10: Dependence on THF concentration of the dielectric strength of the
PDMAEMA (-relaxation evaluated at log(7)=-4 s.

up to around one molecule of solvent for polymer monomer. Increasing the amount
of THF, a partial segregation seems to occur as suggested by calorimetry and the
analysis of the PDMAEMA dynamics in the mixtures. Therefore, we could assume
that the THF molecules in ’excess’” would have a weaker interaction with the poly-
mer. This scenario would lead to differences in the solvent relaxations depending on
the interactions with the environment. Moreover this could explain the behaviour
of the dielectric strength as function of THF concentration shown in Fig. 6.13. We
notice that it increases linearly with the solvent concentration amount up to around
~40 wt%, then it takes a larger value than the extrapolated line. Such a behaviour
appears in contrast with the presence of crystallization suggested at this concentra-
tion. However, invoking the presence of THF molecules that interact weakly with
the polymer, we could assume that such excess in the dielectric strength would be
related to those dipole moments which are less restricted by PDMAEMA. Such an
effect is very relevant at 48 wt% while in the sample PDMAEMA /THF 40 wt% it
appears that it does not strongly affect the dielectric strength behaviour. This is
likely due to the presence of only few molecules weakly interacting with the polymer.
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Table 6.2: Arrhenius parameters of the characteristic times of PDMAEMA (-
relaxation and activation energy of the ’'slow’-THF process in THF mixtures at
different solvent concentrations (the activation energy was fixed by using the results

obtained previously on PDMAEMA /THF 30 wt% (E, = 459 meV)).

PDMAEMA f-relaxation | ’slow’-THF
cwt% | E,(eV) log[mo (s)] log[7o (s)]
0 0.34 -16.1
15 0.25 -13.3 -16.8
20 0.25 -13.5 -16.8
30 0.26 -14.1 -17.5
40 0.28 -15.2 -18.3
48 0.24 -13.5 -17.9
2 T
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Figure 6.11: Inverse temperature dependence the relaxations times of the THF
component in PDMAEMA /THF mixtures. Dashed lines are fits with the Arrhenius
equation (as described in the text).
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Summarizing the results obtained on the dynamics of PDMAEMA /THF mix-
tures, we found that:

i) Even a small amount of THF molecules strongly affect the dynamical fea-
tures of the polymer. In fact, we observed a remarkable reduction of the 7, and a
‘stronger’ behaviour of the a-relaxation of PDMAEMA even at the lowest THF con-
centration (15 wt%). Moreover, a rather lower activation energy of the S-relaxation
of the polymer was found in all the mixtures. This could indicate that, already at
c=15 wt%, the slow component of PDMAEMA p-relaxation observed in the dry
state is highly hindered.

i) At the highest concentration (48 wt%), calorimetry and dielectric spectroscopy
measurements suggest a segregation of THF molecules leading to a inhomogeneous
distribution of solvent molecules in the mixtures.

iii) The mixture with the most homogeneous distribution of THF molecules
seems to be that with ¢c=30 wt% corresponding to one molecule of THF per monomer.
This is suggested by the ’saturation’ of the T} as function of the solvent amount ob-
served by DSC and by the smallest value obtained for the distribution of activation
energies of the ’slow’-THF dynamics.

iv) At least in the temperature range investigated, there are no clear signs of a
crossover from an Arrhenius to a non-Arrhenius dependence on temperature of the
relaxation times of the ’slow’-THF dynamics.

6.3 Dynamics in PDMAEMA /H20O mixtures

6.3.1 Experimental results
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Figure 6.14: Normalized temperature derivative of the reversible specific heat of
PDMAEMA /water mixtures: 20 wt% (dashed green line), 30 wt% (dotted red line),
40 wt% (dashed-dotted blue line) compared to the dry sample (solid black line).

DSC scans, showing the temperature derivative of the reversible specific heat,
of PDMAEMA in the dry state and of the water mixtures are shown in Fig. 6.14.

127



T T T T T T
A
[\
280 N u
i \
[ \
260 \ u
g 0 \
& = - \
=] =] L \
o 240_- \ -
[ ——— === -_——— - - — -
220_— N
\
20{]||\||
0 10 20 30 40 50
cwt%

Figure 6.15: Glass transition temperature measured by DSC as function of water
concentration.

First we notice that PDMAEMA /H,0 20 %wt (green dashed line) is characterized
by a bimodal behaviour indicating the presence of two different glass transition
temperatures. The peak at higher temperature recalls that observed in the dry
sample but considerably shifted, while the extremely broad glass transition at lower
temperature is similar to that found in the other mixtures. However, even for the
samples with the highest water amount (30 and 40 %wt) it is possible to identify
a shoulder around ~250 K on the flank of the peak suggesting a slight signature
of bimodal behaviour. Such a behaviour could be related to a non-homogeneous
hydration of the polymer during the sample preparation due to the more favourable
water-water interaction. As a consequence, in the mixture with the lowest water
concentration, a relevant part of the sample would be poorly hydrated giving rise
to a well defined peak related to the polymer component. In Fig. 6.15 T}, of the low
temperature contribution —i.e. the maximum of the peak observed in the derivative
of the reversible part of the specific heat— as function of the water concentrations
is shown. We note a strong decrease of the glass transition temperature even at
the lowest concentration. However, increasing the water amount, 7, appears to be
rather independent on the water concentration.

Fig. 6.16 shows the loss tangent (defined as tan(d) = ¢"/e) of the dielectric re-
sponse at T=160 K. Such representation has been chosen to minimize the influence
of geometrical factors and, therefore, allow a better comparison between different
samples. A very intense peak is observed for the high water concentrations, while
polymer in water mixture at 20 %wt shows a much weaker relaxation and a larger
broadening of the loss peak. Comparing the dielectric signals observed with that
obtained for PDMAEMA in the dry state, we notice that the peaks are much more
intense even at the lowest water concentration. Therefore, we can relate the con-
tributions in the loss part to the strong water dipole moment. Unfortunately, due
to the high conductivity contribution that dominates at higher temperatures, it is
neither possible to observe the dielectric signature of the PDMAEMA structural
relaxations.
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Figure 6.16: Tan(d) of the complex dielectric permittivity of PDMAEMA
in water mixtures at T=160 K. PDMAEMA /water 20 wt% (green circles),
PDMAEMA /water 30 wt% (red diamonds), PDMAEMA /water 40 wt% (blue

squares).

6.3.2 Water dynamics through dielectric relaxation

The dielectric permittivity of the three samples was fitted by a using a CC function.
In the temperature range investigated, the conductivity is not appreciably con-
tributing to the signal. The inverse temperature dependence of the relaxation times
obtained for all the water concentrations is shown in Fig. 6.17. Water dynamics
reveal two different behaviours depending on the temperature. At low temperature
the processes exhibit an Arrhenius-like dependence. As the temperature increases,
a systematic reduction of the relaxation times with respect to the line extrapolated
from low temperature is observed. Such a deviation occurs at different temperatures
depending on the water amount in the sample: while in the samples with 30 and
40 wt% of water the crossover takes place at almost the same temperature (= 210 K),
in the mixture with the lowest water amount such effect occurs at lower temperature
(= 190 K). Moreover, at low temperature, water dynamics in PDMAEMA /H,O
30 %wt appears almost one order of magnitude faster than in PDMAEMA /H,0
20 %wt, whereas the relaxation times obtained for PDMAEMA /H,0 40 %wt are
only slightly smaller than in 30 %wt water mixture.

The temperature dependence of the relaxation times of the three samples was
analysed at low temperature by using the Arrhenius equation. In Table. 6.3 the
values for F, and log(7y) obtained by this fitting are shown. We notice a slight
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Figure 6.17: Inverse temperature dependence the relaxations times of the
water component in PDMAEMA /water mixtures. Green circles refer to
PDMAEMA /water 20 wt%, red diamonds to PDMAEMA /water 30 wt% and blue
squares to PDMAEMA /water 40 wt%. Dashed line is a fit with the Arrhenius equa-
tion at low temperature(as described in the text). Arrows mark the position of the
temperature of glass transition and its onset measured by DSC.

reduction of the activation energy as the concentration increases but, within the
uncertainties, the values are in the range reported for the so-called "universal’” water
process [25]. For all the samples, 7 takes values much smaller than that expected
for the typical phonon frequency. This result suggests that some contributions of
entropic origin to the underlying relaxation processes exist.

Table 6.3: Activation energy (E,) and pre-exponential factor (log(7)) obtained by
Arrhenius equation fitting procedure

cwt% | log[to(s)] | Ea. (meV)
20 -179 £0.3 | 557 £8
30 -180 £ 0.1 | 544 +14
40 177+ 02| 524 £ 5

In Fig. 6.18, the dielectric strength Ae as function of water concentration is
shown. We notice that it increases with the concentration at 20 wt%, then a stronger
increase is observed. Such behaviour has been found in other aqueous solutions
([57, 33]). It has been suggested that at low concentration the reorientation of the
water dipole moment is somehow restricted, indicating a strong interaction with the
polymer. Increasing the water amount, water molecules tend to join together — as
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it has been shown in Chapter 3, where the presence of clusters in PDMAEMA /H,0O
30 wt% sample is observed—. As a consequence, water molecules could orientate
more easily, as water-water interactions are more advantageous than those with the
PDMAEMA. Hence, the dielectric strength increases more than expected according
to the extrapolation from low concentrations. Regarding the shape parameter of the
CC function, the average values of the acc are shown in Fig. 6.19. The broad distri-
bution of the relaxation times at low concentration suggests a rather inhomogeneous
environment, while, increasing the water amount, the environment around the wa-
ter molecule becomes more uniform. This is in accord with the dielectric strength
behaviour as function of water concentrations and with the calorimetric measure-
ments as well, where a strong bimodal behaviour at the lowest water concentration
has been found. Moreover, such heterogeneity has been observed also in the water
dynamics in polyamide (PA) aqueous solution at c=14 wt% [41], that is with a con-
centration slightly lower than that characterized by the broadest distribution of the
relaxation times in this work.
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Figure 6.18: Dependency on solvent concentration of the dielectric strength of the
water process evaluated at log(7(s))=-2.

6.3.3 Confinement effects on water dynamics

At high temperature, the crossover in the temperature behaviour of the relaxation
times could be due to a different Arrhenius dependence. However, this interpretation
leads to a non-physical pre-exponential factor in all the samples (log(7o(s)) ~ —24).
As it has been commented in the Introduction, this behaviour of the water relax-
ations has been observed in many other systems. To explain this behaviour, it has
been proposed a transition on cooling from a liquid-like VFT behaviour at high
temperature to a solid-like Arrhenius at low temperature. Some authors [31, 30]
suggested a relation between such a crossover and the fragile-to-strong transition.
However, other works[25], observed that the crossover occurs at the glass transition
of the mixture, and so it would be related to a finite size effect. In Fig. 6.20 the char-
acteristic relaxation times of water in PDMAEMA /H,0 30 wt% sample are shown
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Figure 6.19: Cole-Cole a¢cc parameter related to water dynamics obtained by the
fitting procedure. Green circles refer to PDMAEMA /water 20 wt%, red diamonds
to PDMAEMA /water 30 wt% and blue squares to PDMAEMA /water 40 wt%.

in comparison with the temperature derivative of the reversible specific heat (top).
We observe that the temperature at which the crossover occurs almost coincides
with the Tg measured by DSC. This behaviour is found also in the mixture with 40
wt% of water suggesting that, for these concentrations, the crossover is associated
with the freezing of the mixture at the glass transition temperature. Such situation
recalls that observed in other polymeric solutions [57, 33]. In those works it was
suggested that below T, the motions of the water molecules are restricted by the
frozen polymeric matrix and, therefore, are similar to a [-relaxation of a simple
glass. Above the glass transition temperature, the water reorientation is coupled
with the a-relaxation of the polymer. Consequently, the crossover could be inter-
preted as a transition from a local-like dynamics to a cooperative-like dynamics.
At the lowest concentration investigated (PDMAEMA /H,0 20 wt%), the glass tran-
sition takes place at almost the same temperature, as shown in Fig. 6.14. In this
case the crossover temperature does not correspond to the 7y, but occurs at a lower
temperature. This situation is similar to that found in PA/water mixtures with a
comparable water concentration [41]. In those systems, the local mobility of the
polymer —due there to a secondary relaxation— was invoked to be at the origin of
the observed behaviour. The possible impact of localized motions of the polymeric
matrix on the microscopic observation of the crossover in the dynamics of the water
component was also emphasized in the study of the PVME /water system reported
in Ref.[42]. It is worth noting that in the present case, the crossover temperature
coincides with the onset of the glass transition (see Fig. 6.21). This fact could also
be interpreted as a signature of the importance of the polymer mobility on the water
dynamics.
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Figure 6.20: Top: Temperature derivative of the reversible specific heat of
PDMAEMA /water 30 wt%. Bottom: inverse temperature dependence of the char-
acteristic times of the water component in PDMAEMA /water 30 wt% obtained
by DS. Filled symbols refer to broad-band measurements, while empty simbols to
high-frequency dielectric measurements. Dashed line shows the Arrhenius fit at low
temperature.
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Figure 6.21: Top: Temperature derivative of the reversible specific heat of
PDMAEMA /water 20 wt%. Bottom: inverse temperature dependence of the char-
acteristic times of the water component in PDMAEMA /water 20 wt% obtained by
DS. Dashed line shows the Arrhenius fit at low temperature.
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On the other hand, we note that a transition from an Arrhenius to a non-
Arrhenius dependence on temperature has also been found in the water dynamics
confined in MCM-41[31]. This system does not exhibit any glass transition and,
due to the nature of the host, there are not structural rearrangements. Therefore,
only thermal energy could contribute to the crossover. As mentioned above, in the
mixture with lowest water concentration water molecules are strongly interacting
with the polymer. For this reason, and due to the very low amount of water, we
can assume that water clusters in PDMAEMA /H50 20 wt% are rather smaller than
those in the mixtures at higher concentrations and therefore less stable. In this
framework, the thermal energy contribution would be sufficient to disturb the water
clusters allowing the crossover to a cooperative-like motion of the water molecules.
Both scenarios for the origin of the crossover —emphasizing either polymer dynamics
or thermal energy— would a priori be plausible to explain the observed phenomenol-

ogy.
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CHAPTER

7

CONCLUSIONS

This Ph.D. thesis has been focused on the role of solvent /polymer interactions on the
structure and dynamics of highly concentrated polymer solutions. In particular, the
comparative study of mixtures with solvents interacting differently with the polymer
has allowed to highlight the relevance of the H-bonds interactions. For this purpose,
the chosen systems have been PDMAEMA in mixtures with either THF and water.
The joint use of NS (quasi-elastic and inelastic) and DS has demonstrated to be a
powerful tool to investigate the dynamics in the mixtures, while the combination of
X-ray and neutron diffraction has given relevant information about the structural
properties of the systems. Furthermore, calorimetry has also been very useful for
the interpretation of the results. First PDMAEMA in the dry state and in mixture
with THF and water at a representative concentration (c=30 wt%) have been deeply
investigated. Afterwards the dynamical properties of the mixtures as function of the
solvent concentration have been studied by DS and DSC, since contrary to DS it is
always sensitive to both components of the mixtures.

Structural Properties

e The structure of dry PDMAEMA has been characterized by using X-ray diffraction
(SAXS and WAXS) and neutron diffraction (DNS). Four peaks have been identified
in the diffraction patterns. Through a comparison with studies on similar polymers
—i.e. polymers having a bulky side group— these contributions have been associ-
ated to different correlations between molecular groups of PDMAEMA. The peak
at around ~ 2.2 A™" has been associated to intra-chain correlations. The main peak,
at ~ 1.2 A_l, has been related to the correlations between atoms located at the side
groups of different monomers. At around ~ 0.8 A™" a non-well resolved peak has
been found. In similar polymers such Q-range is characterized by correlations in-
volving the backbone atoms. Finally, at around ~ 0.5 Ata ‘pre-peak’ has been
found. Its presence has been associated to a kind of nano-phase segregation between
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side groups and backbones leading to the existence of nano-domains rich in each of
the polymeric subspecies. This peak would then reflect inter-domain correlations
including inter-mainchain distances.

e In PDMAEMA /THF 30 wt% the presence of THF molecules has been found
to mainly affect the distances between different side groups. The pre-peak is only
slightly affected suggesting that the nano-domains structure associated to this peak
is essentially the same as that found in the dry polymer. Finally in this mixture
the solvent molecules seem to be homogeneously distributed within the sample since
there is no sign of THF clusters in the results.

e X-ray and NS diffraction experiments on PDMAEMA /H,0 30 wt% have shown
the presence of water clusters. Such aggregates lead to a non-uniform hydration
of the polymer as suggested by the strong heterogeneity in the Q-range from 0.6
to 1.0 A™'. In addition, the distances between the nano-domains are larger than
those found in the polymer in the dry state and in the PDMAEMA /THF mixture.
Finally, the temperature dependence of the contributions observed in the Q-range
~1-2 A~ is similar to that reported for water confined in other systems, suggesting
a change in the water-water interactions and an extra finite size effect upon the
vitrification of the polymeric matrix.

Dynamical Properties

PDMAEMA dynamics

We have addressed the question how the presence of plasticizers “THF and H,O—
affects PDMAEMA dynamics at different levels by combining DSC, dielectric spec-
troscopy and neutron scattering techniques. Unfortunately, DS fails in giving in-
formation about the polymer component in the aqueous mixtures due to the over-
whelming signal of water. Despite this fact, interesting conclusions can be drawn
also for these systems. Differential scanning calorimetry and dielectric spectroscopy
measurements on PDMAEMA in mixtures with THF and water at different concen-
trations allowed to investigate the dynamical processes involved in the systems as
function of the solvent amount.

e The a-relaxation of the polymer is drastically affected by the presence of sol-
vents. DSC shows strong shifts of the glass-transition temperature. Regarding the
THF mixtures, the shift increases as function of the solvent amount and a ’stronger’
behaviour of the a-relaxation of the polymer in mixtures has been observed even
at the lowest solvent concentration (15 wt%). In the aqueous mixtures a bimodal
behaviour has been observed by DSC, suggesting an inhomogeneous distribution
of the water molecules. Moreover, DSC measurements have revealed a much more
pronounced broadening of the glass transition in the hydrated regions.

e On the other extreme, INS measurements on PDMAEMA in the dry state and in

mixtures at a representative concentration (c=30 wt%) revealed that the methyl-
group dynamics are unaffected by the presence of solvent.
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eThe synergetic analysis of DS and QENS results on dry PDMAEMA and its mix-
ture with THF has allowed identifying two kinds of side-group molecular motions
—a slow and a fast one— contributing to the S-process in the dry state. Based on
the spatial information provided by QENS, a model for the geometry of the motions
involved in the fast process has been proposed. Upon addition of solvent, this pro-
cess remains essentially unaltered, while the population involved in the slower one is
reduced. This reduction is complete, within the experimental uncertainties, in the
THF mixtures, but only partial in the aqueous systems. In addition, a rather lower
activation energy of the f-relaxation of PDMAEMA has been found by DS mea-
surements in all the THF mixtures. This result suggests that, already at ¢c=15 wt%,
the slow component of PDMAEMA fS-relaxation observed in the dry state is highly
hindered.

e Both, the more pronounced broadening of the glass-transition region and the
weaker influence on the local side-group motions of the polymer produced by the
presence of water, with respect to THF, could be attributed to the existence of
clusters of water molecules heterogeneously distributed in the polymeric matrix and
consequently some polymer segments are not much affected by water. This would
be the main difference introduced by the capability of H-bond formation of water
molecules in contrast to the case of THF molecules.

THF dynamics

The combination of dielectric spectroscopy and neutron scattering on a labelled
sample has allowed characterizing the dynamics of THF molecules in mixture with
PDMAEMA at ¢#F = 30 wt%. Moreover, the dynamical properties of the solvent
as function of the concentration have been investigated by DS and DSC experiments.

e The partial crystallization on cooling observed by DSC measurements on the
sample with the highest THF concentration (c=48 wt%) evidences the presence of
a segregation of THF molecules leading to a rather inhomogeneous distribution of
solvent molecules in the mixtures. Such behaviour is confirmed by the dielectric
spectroscopy investigation on both polymer and THF dynamics at such concentra-
tion.

e The mixture with ¢=30 wt%, corresponding to one molecule of THF per monomer,
is characterized by the most homogeneous distribution of solvent among the con-
centrations investigated. This is mainly suggested by the ’saturation’ observed of
the T, as function of the THF amount observed by DSC.

e Two independent processes have been identified. The ’fast’ one has been qualified
as due to an internal motion of the THF ring leading to hydrogen displacements of
about 3 A. The activation energies of this motion are rather broadly distributed
around an average value of 104 meV (10.03 kJ/mol). The ’slow’ process is char-
acterized by an Arrhenius-like temperature dependence of the characteristic time
which persists in the whole range investigated, up to very high temperatures, where
the times reach values in the range of some nanoseconds. The QENS results evi-
dence the confined nature of this process, determining a size of about 8 A for the
region within which THF hydrogen motions are restricted. This process has been
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tentatively assigned to the a-relaxation of THF molecules confined by the slower or
even rigid polymeric matrix.

e In all the THF mixtures and in the temperature range investigated, no signature
of a crossover toward a cooperative character of the ’slow’-THF dynamics could be
identified and no indications for a calorimetric glass transition could be resolved.

e The interpretation of the results on THF dynamics has been based on the in-
formation about the structural properties of the PDMAEMA /THF 30 wt% mixture
extracted from scattering experiments. As commented above, the THF molecules
are well dispersed among the nano-domains of the polymer matrix and thus rather
isolated from each other. As a consequence, they experience an environment rich in
polymeric side groups. Such a dispersion, together with a locally highly mobile en-
vironment provided by the side groups, would prevent cooperativity effects between
THEF molecules to develop for the structural relaxation of the solvent, frustrating
thereby the emergence of Vogel-Fulcher-like behavior even at very high tempera-
tures. We thus interpret the 'slow’-THF process as a process involving collectivity
with other few molecular units —mainly polymeric side-groups— within the nano-
domains of the polymeric PDMAEMA matrix.

Water dynamics

Water dynamics as function of the solvent amount has been mainly characterized
by DS, due to the large dipole moment of water molecules. In all the mixtures just
one process has been detected.

e On heating, a crossover from an Arrhenius to a non-Arrhenius dependence in the
temperature dependence of the characteristic times of the process has been found in
all the mixtures. At low temperature, in the Arrhenius regime, the activation energy
does not appreciably depend on the water concentration and assumes values simi-
lar to those reported for analogous process found in water confined in other systems.

e In the samples with 30 and 40 wt% of water, the crossover takes place where
the glass transition is observed. Such situation recalls that found in other studies
on water dynamics in polymeric solutions. According to the interpretation given in
those works, it has been proposed that a coupling of the water relaxation with the
a-relaxation of the polymer destabilizes the water clusters (observed by X-ray an
neutron diffraction) allowing a transition from a local-like dynamics to a cooperative-
like dynamics on heating.

e In the mixture with the lowest water amount (c=20 wt%) some different char-
acteristics have been found. The broader distribution of relaxation times of the
water process suggests a rather inhomogeneous environment. The low values of
the dielectric strength indicate a strong interaction of the water molecules with
PDMAEMA at this concentration. The relaxation times of the process in the Ar-
rhenius regime are about one order of magnitude larger than those of water in the
30 and 40 wt% mixtures. Finally, the crossover occurs at a temperature lower than
the glass transition temperature. In this framework, the following scenario has been
suggested: at low concentrations, due to the stronger interactions with the polymer,
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the water clusters would be smaller and the thermal contribution could be suffi-
cient to disturb the water aggregates and, therefore, to allow the observed crossover
from the Arrhenius to the non-Arrhenius temperature dependence. Nevertheless,
an alternative origin of the observation of the crossover based on the onset of some
polymeric molecular motions cannot be discarted.
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