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ABSTRACT

Control of the crystallization process has great importance in material engineering
and pharmaceutical industry. Using electric fields for this purpose shows strong potential.
However, the effect of electric field on crystallization is rather poorly recognized. In this
Ph.D. Thesis, using dielectric spectroscopy, the effect of the alternating (ac) and direct
current (dc) high-electric field on the crystallization of a molecular system with field-

induced polymorphism, vinyl ethylene carbonate (VEC) is explored.

Among research that was performed, the importance of the sinewave properties of the
applied alternating signal on crystallization Kinetics was investigated. As it turned out, it
is possible to control the crystallization rate or the morphology of the growing crystal by
changing the amplitude or frequency of the applied electric field. The crystallization rate
increases when the amplitude of the electric field increases or its frequency decreases.
Moreover, by changing the properties of the applied time-dependent electric field, we can
control the polymorph outcome. To be more specific, a high electric field can suppress

the ordinary polymorphic form and induce the appearance of a new one.

Additionally, this study was extended to a broad temperature range to examine how
the presence of a high electric field influences the temperature dependence of the
crystallization rate. It was observed that the position of the maximum of the overall
crystallization rate is not affected by the external electric field. However, the rate of
crystallization increases when the field magnitude is increased or either the frequency of
the ac field is decreased. Applying high amplitude time-dependent electric fields from a
specific low-frequency region is responsible for generating an additional low-temperature
maximum in the overall crystallization rate-temperature dependence. Interestingly, it is

not observed in the absence of a high electric field.

As a final point, the stability of the field-induced VEC polymorph was investigated.
It happens that if the field-induced polymorph is created along with the regular
polymorph, it is unstable and will transform with time into a stable form. At this stage,
applying a high-electric field does not affect the time transformation. On the other hand,
if only the high-field polymorph is generated, the polymorphic transformation does not
take place. The high-field polymorph does not convert with time into the regular form.
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STRESZCZENIE

Kontrola procesu krystalizacji ma ogromne znaczenie w inzynierii materiatowej 1
przemysle farmaceutycznym. Wykorzystanie do tego celu silnego pola elektrycznego
moze mie¢ ogromny potencjat aplikacyjny. Jednakze, wiele fundamentalnych aspektow
zwigzanych z wptywem zewnetrznego pola elektrycznego na krystalizacje materialow
molekularnych jest bardzo stabo poznane. W niniejszej pracy doktorskiej, zbadano, za
pomoca spektroskopii dielektrycznej, wptyw statego 1 zmiennego pola elektrycznego o
duzym nat¢zeniu na krystalizacje ze stanu cieczy przechtodzonej 4-winylo-1,3-
dioxolan2-on-u (VEC). VEC jest silnie polarng pochodng weglanu propylenu zawierajaca

w swojej strukturze podstawnik winylowy.

W pracy zbadano wplyw wiasciwosci przytozonego pola elektrycznego na kinetyke
krystalizacji. Okazuje si¢, ze mozliwe jest kontrolowanie szybko$ci krystalizacji lub
morfologii wzrastajacych krysztaldéw poprzez zmiane amplitudy lub czgstotliwosci
przylozonego pola elektrycznego. Szybko$¢ krystalizacji wzrasta wraz ze wzrostem
amplitudy pola lub spadkiem czg¢stotliwosci. Ponadto, poprzez zmiang charakterystyki
przytozonego pola elektrycznego a takze protokotéw pomiarowych mozna selektywnie
uzyskiwaé¢ konkretne odmiany polimorficzne badanej substancji. W przypadku VEC
krystalizacja w obecnosci silnego pola elektrycznego prowadzi do wygenerowania
zupelie nowej odmiany polimorficznej. Jak do tej pory, formy tej nie udato si¢ nam
uzyska¢ w zaden inny sposob, jak tylko w przypadku obecno$ci zewnetrznego pola

elektrycznego.

Badania poswiecone kinetyce krystalizacji zostaly przeprowadzone w szerokim
zakresie temperatur, tak aby zrozumie¢ jaki jest wptyw zewnetrznego pola elektrycznego
na temperaturowe zaleznosci szybkos$ci krystalizacji. Zaobserwowano, ze w obecnos$ci
silnego pola elektrycznego potozenie maksimum krystalizacji nie ulega zmianie. Jednak
wraz ze wzrostem amplitudy czy tez zmniejszeniem czestotliwosci przytozonego pola

elektrycznego wzrasta ogdlna szybkos¢ procesu krystalizacji.

Co ciekawe, w obecnosci zmiennego pola elektrycznego z zakresu niskich
czestotliwosci pojawia si¢ dodatkowe maksimum zlokalizowane w obszarze nizszych
temperatur. Jest ono zwigzane z obecno$cig odmiany polimorficznej indukowanej polem
0 nizszej temperaturze topnienia niz ta uzyskiwana zazwyczaj w trakcie ochtadzania

cieczy. Efektu tego nie obserwuje si¢ gdy krystalizacja prowadzana jest bez udziatu



zewnetrznego pola elektrycznego. W tym przypadku obserwuje si¢ bowiem wylacznie

wzrost stabilnej formy 1.

Ostatni aspekt rozprawy dotyczyt stabilnosci nowej odmiany polimorficznej
indukowanej w trakcie procesu krystalizacji w warunkach silnego pola elektrycznego.
Wyniki uzyskanych badan wskazuja, ze w obecnos$ci krystalitow formy I indukowana
polem odmiana polimorficzna VEC z czasem ulega transformacji do znacznie bardziej
stabilnej formy I. Natomiast, jesli protokot pomiarowy zostanie tak skonstruowany aby
zapobiec roéwnoczesnemu wzrostowi obu form, indukowana polem odmiana

polimorficzna VEC nie ulega konwersji do formy I.

Wyniki badan stanowigce podstawe niniejszej rozprawy doktorskiej zostaty
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MOTIVATION

Crystallization has a great significance in pharmaceutical applications, material
chemistry, petrochemistry, food industry, and biotechnology, among others."* The
ability to control crystallization or predict crystallization habits is crucial in numerous
technology sectors. This is because crystallization behavior determines the most critical
physical, chemical, or even biological properties of the final product. The outcome
properties of the crystalline material will depend on the extent of crystallinity,

polymorphism, the size and quality of obtained crystals.*®

One way to promote crystallization and control the properties of acquired
crystalline material is by using an external electric field. This method emerges as a topic
that deserves considerable recognition due to its potential in numerous practical
environments, such as inducing the crystallization and controlling the polymorphic
outcome, and improving the quality of protein crystals. However, predicting how the

electric field affects crystallization remains unclear.®

Recently, Adrjanowicz et al.” reported for the first time that under high static
electric fields, one can induce crystallization of simple molecular liquid. The sample used
was vinyl ethylene carbonate (VEC), a glass-forming liquid with a relatively large value
of permanent dipole moment and a lack of directional bonding. Field-induced
crystallization of VEC is an astonishing finding because for most molecular materials
subjected to high electric fields, the potential energy for aligning a dipole in a field
direction is always much smaller compared to the thermal energy, i.e., uE < kgT. As a
result, electric fields should have, in principle, a very little impact on the molecular
orientation and thermodynamic potentials of the polar molecular glass-formers.
Nevertheless, experimental evidence has demonstrated that electric fields in the range of
40-200 kV/cm promote crystallization of VEC. In addition to that, a new crystal
polymorph is generated in the presence of an external electric field. Interestingly, it is not

observed if crystallization occurs in a non-field environment.

This pioneering finding opens new routes to generate materials with interesting
crystal structures and properties that can be potentially used in organic memory devices,
molecular switches, sensors, and so on. However, before that, some fundamental aspects

related to the field-induced crystallization of molecular materials need to be explored



more. For example, it is unknown if and how the alternating electric field can influence
the crystallization process. Can we expect that the effects seen in the presence of ac fields
are the same as for the static dc fields? What will be the effect of the frequency and the
field magnitude of the time-dependent electric field on crystallization? How does the
external electric field modify the position of the crystallization rate maximum concerning
the non-field case? It is also essential to understand if the external electric field primarily
affects the nucleation step or either the crystal growth? And finally, how stable is the
field-induced polymorph (for example, will it disappear with time once the electric field
is switched off)? The stability of the polymorph is crucial in the pharmaceutical industry
since the material can transform into a more stable phase® which can affect the solubility

and bioavailability of the drug substance.®

The motivation for this work was to face some of these open questions and provide
a more in-depth characterization of how the high-electric field can influence the
crystallization of simple molecular materials. The research work included in this doctoral
thesis provides a comprehensive guide that can stimulate future experiments on how the

high-electric field can be applied to control the crystallization of molecular materials.

This thesis is based on experimental work. It is focused on providing a better
understanding of how the electric field can influence the crystallization outcome for a
neat, simple liquid such as VEC. Since the melting temperatures of VEC polymorphs are
much lower than the room temperature, ex-situ studies of the obtained crystals are not
possible in this case. Nevertheless, the knowledge gained from this study serves as a solid
ground for future work with a target to use high ac or dc electric fields to control the
crystallization behavior of various molecular systems. As a next step, it is highly desirable
to look for other polar materials, preferably with melting temperatures located above
room temperature, for which the crystallization tendency can be affected by applying an

external electric field.



THE AIM OF THE THESIS

The general objective of this doctoral thesis was to understand how external
alternating current (ac) or direct current (dc) electric fields influence the crystallization

of a supercooled molecular liquid, vinyl ethylene carbonate (VEC).
The following target points were set in:

Characterize the influence of high electric ac field, including the field frequency and
amplitude, on the crystallization of VEC,;

Compare how dc and ac electric fields affect the crystallization kinetics of VEC at
different temperatures;

Explore the influence of high electric field on the temperature evolution of the
crystallization rate, particularly the location and maxima value of crystallization rate
curve, as well as on the melting behavior;

Verify the stability of the field-induced polymorph.
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1. INTRODUCTION

Glass has been used by humankind since prehistoric times, when our ancestors used
obsidian, a volcanic glass, to forge knives and arrows tips. In Egypt, around 1500 BC, it

appears the first glass vessel.!*

Recently, due to material engineering, new types of glasses, such as metallics,
polymers, simple liquids, etc., made it a versatile and vital material. Besides all the
advances in manufacturing glass, the nature of the glass transition is still an unsolved
problem in solid-state theory. The glassy system shows some unique and distinguishes
relaxation processes that reflect different aspects of molecular mobility. The structural,
or a-relaxation, is associated with the cooperative motion of the molecules. The molecular
movements slow down when the liquid is cooled. Eventually, a viscous liquid kinetically
freezes, forming a glass. In the glassy state, the secondary processes can be observed
clearly. They are labeled as B-, y-, 6-relaxations, and so on. Secondary dynamics occur
on a shorter time scale, and it is associated with more local dynamics of either inter or

intramolecular origin.

1.1. Glass Transition

A liquid, when cooled from the high temperature, may crystallize at crystallization
temperature, Tc. However, if the cooling rate is fast enough, the material can avoid
crystallization and reach a glassy state. A liquid that does not crystallize below melting
temperature, Tm, is termed a supercooled liquid. The supercooled liquid is in metastable
equilibrium, and its physical properties change as decreasing the temperature. This
includes, for example, a decrease in free energy and entropy.? Figure 1 demonstrates the
typical evolution of the volume and enthalpy of a supercooled liquid in the function of
temperature. The volume and enthalpy in the crystal state are smaller compared with the
glassy state. This higher value in enthalpy and volume is due to the lack of long-range
arrangement of the molecules. The glass transition temperature, Tg, is estimated by
intercepting the extrapolated lines of the glass volume with that of the supercooled liquid.
Below Tg, the enthalpy and volume decrease, but such changes are significantly lower
than in the liquid state. T4 depends on the cooling rate.™ For a faster cooling rate, T will

be slightly higher than for slower rates.
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Figure 1. Temperature dependence of the volume or either enthalpy for a typical glass-forming liquid. Tr
represents the melting temperature, while Ty is the glass transition temperature. T is defined as the

temperature at which the lines corresponding to the liquid and glassy states intersect. Based on *2.

As the supercooled liquid is cooled to lower temperatures, it becomes more viscous.
Simultaneously, the time scale of the molecular motion drastically increases. The
equilibration of the system requires more and more time. As the supercooled liquid
approaches Ty, the cooperative movements become more significant. This results in an
increase in the structural relaxation time from picoseconds, close to Tm, to a scale of
hundred seconds. At some temperature, Tg, the molecules will move so slow that the rate
to rearrange exceeds the experimental timescale. In dielectric relaxation measurements,
Ty is defined as the temperature where the a-relaxation time reaches 100 s. The system
falls out of its thermodynamics equilibrium, turning into a glass.*®* The dynamics
associated with glass transition can be studied using different experimental techniques,
such as broadband dielectric spectroscopy (BDS), light scattering, mechanical

spectroscopy, among others.

The glass prepared by cooling a liquid is an amorphous solid. This means a lack
of long-range order, not having translational periodicity, and no defined atomic structure.
By contrast, a crystalline state, obtained through a crystallization process, is defined as
having atoms or molecules arranged in a pattern that repeats periodically in three
dimensions. The glass transition and crystallization are mutually connected; only by
avoiding one - you can get the other one. The glass can only be obtained if the
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crystallization is avoided, while the crystallization is acquired if the glassy state is not
reached.

1.2. Crystallization

The crystallization process involves two consecutive steps: the congregation of
several molecules, forming an embryonic nucleus, named nucleation, followed by the
growth of these clusters, referred to as crystal growth. If the nucleation occurs
spontaneously, it is classified as homogeneous. Heterogeneous nucleation is when it is
induced by foreign particles. The process of nucleation only begins when the activation
energy AG (Gibbs energy) is overcome. The activation energy barrier for the nucleation
process depends on the energy necessary to start a new interface and the Gibbs energy

difference between the amorphous and crystalline phases.

The overall crystallization is the result of nucleation and crystal growth processes.
Close to Tg, the crystallization is favored by the thermodynamics factors, while close to
Tm, the mobility increases and facilitates it. Figure 2 illustrates the nucleation and crystal
growth rates changes with temperature. Generally, the overall crystallization behavior
depends on the balance between thermodynamics and kinetic factor, reaching a maximum

value somewhere in between the glass-transition temperatures and the melting point.

N
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Figure 2. Temperature dependence of the nucleation rate and crystal growth rate. Based on *“.



The crystallization can be affected by various physical factors, such as pressure,
temperature, geometrical confinement, purity of the sample, among others. An important
factor that can potentially affect crystallization is the electric field. However, it is
challenging to provide an appropriate description of how the electric field can influence
crystallization. Applying an external electric field, E, will undoubtedly affect the Gibbs
free energy and the difference in chemical potentials between melt and crystal phases,

Ap. These changes will affect both nucleation rate, J, and crystal growth rate, u: *°

-4 Gc (E)
o)

uochl—exp <#§WE’)>]

where D is the diffusion constant. Additionally, the crystallization from the supercooled

]ocDexp<

liquid state is strongly affected by the kinetic factor.'® The molecular mobility in liquids
includes motions, like bending, rotation, or translation of molecules. Generally, the
crystallization speeds up if the molecular motions are enhanced. Applying an electric field
will create a field-induced orientation of the molecular material. Besides some
supposition that the crystallization of supercooled liquids will be definitely affected by

the electric field, there is no information about the extent or magnitude of such effect.

The study on the effect of the electric field on crystallization started in 1999,
primarily for protein systems characterized by large values of the dipole moments. Taleb
et al.” investigated the crystallization of proteins in solutions under a direct current (DC)
electric field of 2 kV/cm magnitude. They have detected that the field affects both the
size and quality of the produced crystals. The final crystallization product had fewer
crystals with larger sizes compared with the crystallization carried out in the absence of
field. In the succeeding work, Taleb et al.*® showed that an electric field influences the
protein concentration resulting in a concentration gradient between the electrodes.
Following Taleb’s experiment, Nanev and co-workers®*° confirmed these results. They
found that at a relatively low temperature, the presence of an electric field has more
impact on the induction time and nucleation time. This encouraged a scientific
community to study how to control nucleation using dc fields.**"'82° However, the use
of an alternating current field was only accomplished in 2009 by Koizumi et al.?* They

found that it is possible to control the nucleation rate successfully by changing the



frequency of the applied ac electric field. However, it is important to mention that these
studies were done only in protein solutions under a uniform external electric field of not
more than 10 kV/cm. Proteins are very complex large systems, in contrast to simple

molecular liquids.

In 2018, Adrjanowicz et al.” reported, for the first time, that the high static (dc)
electric field can also affect the crystallization of a very simple molecular glass-former.
Field-induced crystallization of VEC is an astonishing finding because for most
molecular materials subjected to high electric fields, the potential energy for aligning a
dipole in a field direction is always much smaller compared to the thermal energy, i.e.,
UE = kgT. The pioneering finding was the inspiration and foundation for the research

work being the scope of this thesis.

Applying electric fields upon crystallization might have different practical
applications, for example, in the food industry or material engineering. Jha et al.® reported
that dc electric fields could enhance mass and heat transfer during the crystallization
process. So, having a freezing process under a strong dc field can promote nucleation,
decreases the nucleation and induction time. The advantage of this process is reducing
the disruption of the cell and protein denaturing and improving the preservation qualities
of fresh food. Another example is piezoelectric polymers, which can exhibit various
crystalline properties when synthesized under an electric field.?? The external electric
field will affect the orientation of the polymer chain, forcing the monomer to orientate
accordingly, resulting in a crystalline phase instead of an amorphous one. Another
important application of electric field during crystallization is controlling the

polymorphism of the final product.>#72°

Changing the physical parameters, such as the temperature, pressure, applying an
electric field, etc., can also induce polymorphic transformation.*>’? Polymorphs are
distinct crystal structures that can be formed by the same chemical compound.?*? Each
polymorph has different thermodynamics properties, such as Gibbs energy, enthalpy, and
entropy. At a given temperature and pressure, the polymorph with the lowest free energy
is considered stable, while all others will be regarded as metastable. The representative
potential energy in the function of the mean intermolecular distance is shown in Figure
3. The polymorph with the lowest free energy is the most stable. This form is called the

thermodynamic form (polymorph C), and it differs from the kinetic form which is
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characterized by a local minimum of energy (polymorph B). From a thermodynamical
point of view, this metastable polymorph is unstable. It has a finite lifetime, which
depends on its transformation rate into a more stable form and the activation energy
required. The polymorphic transition can be explained by Ostwald’s rules of stages,
which describe a step-wise transformation of an unstable system into a more stable one
with the closest energy level from the original one before finally reaching the

thermodynamically stable state.?5?’

A

Potential energy

B
Polymorphs

—7
—
C
Mean intermolecular distance

Figure 3. Comparison of the potential energy of various solid forms. Based on 2.

1.3. Dielectric Spectroscopy

The dynamics of glass-forming materials and crystallization kinetics can be studied
using different experimental techniques, for example, neutron scattering, infrared
spectroscopy, differential scanning calorimetry, among others. However, one of the most
versatile and powerful is broadband dielectric spectroscopy (BDS). This technique is
based on the interaction of an applied electric field with the sample, which needs to have
a dipole moment. It analyzes the cooperative reorientation movements of molecules in
the supercooled liquid phase in a range of frequencies between 102 Hz to 10'? Hz, as well

as a wide range of temperature 433 K to 673 K.?%%

In the absence of an applied electric field, polar molecules are randomly oriented.
When an electric field is applied, the dipolar molecules will begin to align themselves in

11



accordance with the field direction. This process is known as the dielectric polarization,
P, which can be related to the electric field, E, through P = xeyE, where x is the
susceptibility of the material, and ¢, is the permittivity of vacuum. Figure 4 demonstrates
an orientational polarization in a dielectric material when an external electric field is

applied.
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Figure 4. Diagram showing polarization of the dielectric material in the presence of the external

electric field.

In the presence of the alternating electric field, with sinusoidally varying magnitude
and direction, the dipoles try to arrange one way and the other. The total polarization of
the material will depend on the ability of dipoles to orient themselves along the field lines.
The different types of polarization, such as electronic polarization, atomic polarization,
orientational polarization, etc., will depend on the frequency of the applied alternating
electric field. At very high frequencies, only the electronic polarization is able to follow
the rapid change in the alternate field. In contrast, at low frequencies (static case), the
dominant contribution comes from dipole orientation. In this range, atomic and electronic
mechanisms are less important. In addition to that, the interfacial polarization and
electrode polarization effects can occur at low frequencies. There are related to the
separation of charges (including free mobile charges) and their accumulation at the
interface between two materials or close to the electrodes. When the external electric field
is removed, the polarization function decays exponentially. In this way, the relaxation
time can be understood as the average time needed by the dipoles to return to their original

states.
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To get a dielectric response of the studied sample over a wide range of
frequencies/characteristic relaxation times, it is subjected to an alternating electrical field.
The external electric field causes the orientation of the localized dipoles or ionic
conduction (if any charged species are present in the sample). In most cases, it all happens
within a linear response regime, i.e., when root-mean-square (rms) amplitudes are Ems <
1 kV/cm. When on top of the low measuring ac field, one adds electric fields with RMS
amplitudes much higher than 1 kV/cm, the structure and dynamics might drastically

change as the material enters the point at which the non-linear responses are seen.
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Figure 5. Schematic representation of linear (dashed) and non-linear P(E) behavior. Based on *.

In the case of a typical dielectric experiment, that is, within the low field limit,
polarization P changes linearly with the external electric field E. When the external
electric field is sufficiently high, the relationship between P and E deviates from the linear
behavior, P = goXE + eoXPE? + oxE® + -+, where x™ represents higher-order
susceptibilities. Deviations from linearity also give rise to higher-order Fourier
components in the polarization response to a harmonic ac field. When the permittivity of
the material is reduced in the presence of a high electric field, the process is known as
saturation.®® This is considered the most fundamental non-linear dielectric effect (NDE).
A non-linear dielectric effect can be defined as the deflection of x from its low field value,

which overpasses the resolution of a certain experiment.>* Another known NDE is the
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chemical effects. In this case, an increase of the dielectric constant with the electric field
Is observed, in contrast with what is observed in dielectric saturation. The increase of
permittivity can be due to a rise in density that will increase the number of dipoles being
pulled into the capacitor volume or the shifting of protons in hydrogen bonding liquids,
among others. This effect has not been resolved for many liquids, and the small increase
of the dielectric amplitude can be covered by saturation effects. Another NDE is energy
absorption, where the main principle is that any material under an ac electric field will
absorb energy and eventually convert it into heat. This rise in heat will fill the phonon
modes resulting in an accelerated dynamic, which leads to a distortion in the final spectra.
Lastly, applying an electric field at constant temperature can change the thermodynamic
entropy of the simple molecular liquid leading to a spectral shift of the loss peak towards

lower frequencies (slowing down of the molecular mobility).

It is worth emphasizing that all four non-linear dielectric effects mentioned above are,
in principle, reversible, meaning that when an electric field is switched off, the system
recovers its stationary state. In addition to that, they all contribute to deviation from the
linear response behavior in molecular materials subjected to high electric fields. Since
various non-linear effects might occur simultaneously, in some of the cases, it might be
very difficult to resolve the impact of the particular non-linear effect just by looking at

the dielectric data.

In theory, entering into a high-field regime should be possible for a large variety of
glass-forming systems having a non-zero molecular dipole moment. It is only a matter of
field intensity which should be high enough to produce a pronounced non-linear response.
However, in reality, we are limited to electric fields as high as several hundreds of kV/cm.
Therefore, simple-structure highly polar molecular liquids with large values of the
permanent dipole moments are preferred more among the others. While we know a lot
about the effect of high electric fields on the dynamics of glass-forming systems, the

effect of electric fields on crystallization is practically unknown.

The typical value to be considered as the high-electric field is much beyond 1 kV/cm.
The high field, based on E = V /d, can be achieved either by applying high voltages, V,
across the electrodes or reducing the sample thickness, d. As illustrated in Figure 5, there
are two experimental approaches to achieve high-electric fields: imposing high ac field

amplitudes or either a large dc bias. A small ac measuring field (voltages <1 Vms) should
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be superposed on a large electric field if one wishes to follow the ongoing changes in the
dielectric response of the sample exposed to a high electric field. The ac voltage is

expressed as Vrms, Which signifies the root mean square voltage value, and it is calculated

using Vrms=Vp /2, where Vp is the amplitude of the voltage applied.

To achieve high electric fields in the dielectric experiment, a high-voltage amplifier
is needed, which will boost the output voltage of the BDS analyzer. In the case of ac
voltage, amplifiers with high slew rates are required. However, such amplifiers are
usually the factor that restricts the highest usable frequency. In the case of the
configuration that has been employed in this study, the dielectric response of the sample
and the ac field applied were limited to kHz frequencies. To ensure a uniform electric
field, a special high-electric field capacitor cell was utilized. The schematic draw of the
high field capacitor cell — made of brass - is demonstrated in Figure 6. It consists of two
spring-loaded polished stainless-steel disks (17 mm and 20 mm in diameter) separated by
a Teflon (or either Kapton) spacer of 25 pum thickness, but the actual thickness of the
sample is typically slightly different. The inner area of 14 mm diameter is left for the
sample material. The top electrode is centered using the hole in the sapphire disk, which
is tightened against a plastic o-ring using a steel frame. The surface of the electrode disks
needs to be flat and highly polished to maintain a homogeneous field across the sample.
The spring is used to assure temperature-invariant stress on the ring during the
experiment. So in this way, a fixed distance between the electrodes is maintained all the

time.

Figure 6. The schematic draw of the dielectric cell used for the high-electric field.

Attempting to reach a high electric field can bring a lot of difficulties. When the
electrode separations are reduced, it helps increase the electric field. However, decreasing
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the volume of the sample facilitates the creation of airborne particles, which can lead to
failure via dielectric breakdown unless the samples are prepared in a cleanroom
environment. Another aspect to consider is the dielectric strength of the spacer material
used. To avoid the breakdown from the spacer, the applied fields should be lower than
the dielectric strength material. Moreover, this property is affected by the thickness of the
spacer and can degrade with increasing temperature. Besides the dielectric breakdown, it
is possible to observe electrostriction during high field measurements. This problem is
due to the attractive force generated by the application of a voltage that will compress the
electrode distance d and can result in an apparent increase of the dielectric constant.
However, the impact on the dielectric constant of the attractive forces will usually be
much smaller than those originating from the non-linear effects seen in the presence of
high fields.

The analysis of the crystallization kinetics of glass-forming materials by BDS is
possible due to the fact that during the crystallization, the dipolar molecules from the
supercooled liquid are frozen in the crystalline phase and, from now on, will not
contribute to the total dielectric response of the liquid volume fraction. Consequently, the
number of actively reorienting dipoles decreases with increasing the crystalline fraction
in the system. The dielectric permittivity is the property that relates to polarization and
electric field via P = gy(¢* — 1)E. In the real and imaginary parts of the dielectric
permittivity, the a-relaxation process (the primary relaxation process in supercooled
liquid regime) is seen as dispersion of the dielectric permittivity and dielectric loss, as
shown in Figure 7. The dielectric permittivity value decreases with increasing the degree
of crystallinity of the system. Thus, the crystallization can be followed via a dielectric
relaxation study. Typically, the crystallization process finishes when there are no traces
of the a-relaxation process in the dielectric permittivity's real and imaginary components.

This is also demonstrated in Figure 7.
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Figure 7. Typical changes in the real (on the left) and imaginary (on the right) parts of the dielectric

permittivity for a typical glass-forming liquid upon crystallization under isothermal conditions.

In turn, upon melting process followed by dielectric spectroscopy, the opposite effect
takes place. When the crystallized sample is subsequently heated up to the melting
temperature, we observe a jump in the dielectric response due to the increased number of
actively reorienting dipoles. The melting event can be detected as the point at which a
sharp rise of the dielectric permittivity is observed (as shown in Figure 8). Knowing the
melting temperature of the generated crystalline material is essential because it allows
verifying the polymorphs content obtained upon the crystallization process.
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Figure 8. Representative changes in the real part of the dielectric permittivity (at a fixed frequency)

are measured upon heating with a constant rate of the crystalline material.
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2. RESULTS AND DISCUSSION

2.1. Effect of High AC Field on Crystallization

This section demonstrates how the properties of the external electric field can
influence the crystallization of a polar molecular system. Tested material is a glass-
forming liquid with a relatively high value of the permanent dipole moment, p=4.76 D,*
vinyl ethylene carbonate (VEC), a vinyl derivate of propylene carbonate (PC). The
chemical structure of VEC is presented in Figure 9. The glass transition temperature of
VEC is T¢=171 K,* while the melting temperature of the ordinary crystal (formed in the
absence of electric field) is 227 K.” The crystallization behavior of VEC depends on the
frequency and the amplitude of the applied alternating electric field. These attributes of
the time-dependent electric field can affect the kinetics of crystallization and the
polymorph outcome. It is important to note that the field-induced effects on crystallization
are not seen within the entire investigated frequency range. They are observed only below
a specific frequency threshold. The following results were presented and discussed in
more detail in papers Al and A3.

(a) VEC (b) PC

O O CH
3
@]
Q O

Figure 9. The chemical structure of VEC and PC.

The optimal temperature region for nucleation of the ordinary VEC crystals is located
in the vicinity of the Tg, while the crystal growth is favored around 30 K above the glass
transition temperature.”*° To understand how the electric field influences crystallization,
two different thermal protocols were used. They are presented in Figure 10. In Protocol
A, the sample goes straight to the crystallization temperature, which is 198 K (=Tg + 27
K). Immediately after reaching 198 K, an external electric field with different field

amplitudes or frequencies was applied to the sample. In this case, the nucleation of the
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ordinary (also termed here as “low-field”’) polymorph is greatly impeded, so it is expected
that the liquid sample will not crystallize in the absence of an external electric field.
However, in the presence of high alternating fields at 198 K the crystallization of a new
field-induced polymorph of VEC is promoted. Crystallization progress with time was
monitored by using dielectric spectroscopy (DS). When crystallization is completed, the
ac field is switched off, and the crystalline material is heated up with a constant rate to
243 K, while the melting temperature is detected by DS (low-field permittivity
measurements). Identical experiments performed in the absence of an external electric

field serve as a reference.

In protocol B, the main objective was to study the effect of the high ac fields on
nucleation. For that, in the absence of an external electric field, the liquid sample was
cooled down to 173 K (i.e., Tg +2 K), from 243 K. Here, we wish to favor nucleation of
the low-field polymorph and see how different field amplitudes and field frequencies
affect the results. We waited at this temperature for 1 hour with the high ac field switched
on, keeping different field magnitudes or field frequencies. Then, the external high
electric field was switched off. The temperature was increased to 198 K. At selected
crystallization temperature, in the absence of a high electric field, we followed the
crystallization progress of VEC via DS. After completing crystallization, the melting

behavior is analyzed upon heating, also using DS.

Protocol A Protocol B
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Figure 10. Overview of the experimental protocols used to study the effect of frequency and
magnitude of the ac field on the crystallization behavior of VEC. Protocol A was followed to favor the
formation of only the high-field polymorph. Protocol B was designed to study in detail the effect of the

high-field on the nucleation process.
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In polar liquids, like VEC, the rotational motion of permanent dipoles will dominate
the dielectric constant values. For a crystalline material, these motions are suppressed.
Therefore, it is possible to investigate the crystallization progress in glass-forming
systems via dielectric spectroscopy by analyzing changes in the complex dielectric
permittivity with time. The ratio between the crystal volume with the total volume of the
sample can be estimated through 3738

Vcry _ (gs - g’)
Viotal (&5 — €o)

where &s is the static dielectric permittivity, while & is the high-frequency permittivity
limit of the liquid, i.e., in the absence of orientational contributions from permanent
dipoles. The molecular electronic polarizability values in both the crystalline and the
liquid states are very similar. Hence, . can be considered as the permittivity of the
crystalline state. The dielectric relaxation amplitude, (&; — €4,), is governed by dipole
reorientation found in the liquid state. Thus, lowering the amplitude of the structural
relaxation with time signifies a decrease of the liquid volume fraction as crystallization
proceeds. The two limiting values of V., /Visq, O and 1, denote pure liquid and

completely crystallized material, respectively.

Changes in the crystallization behavior of VEC at 198 K, described in terms of the
crystal volume fraction, are presented as a function of the field frequency and field
magnitude in Figure 11. These data were recorded when following thermal protocol A
from Figure 10. The left panel (a) shows the case where the magnitude of the ac field was
fixed, 80 k\V/cm, while the frequency of the high ac field varies. The right panel (b) shows
the opposite situation. The frequency is remained fixed, at 56.2 Hz, while the magnitude
of the ac field is changed. For frequencies v > 100 Hz, no crystallization is observed
during the first 14 hours. On the other hand, when a certain frequency threshold is
reached, which is around ~18 Hz for VEC, crystallization is induced in the presence of
the altered field. Then, below that characteristic frequency threshold, crystallization times
dramatically decrease. At v =56 mHz, the crystallization process is completed within half
an hour. Consistent with the frequency effect on crystallization, the crystallization times
can be reduced within the same order of magnitude by increasing the ac field amplitude
to 180 kV/cm.
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Figure 11. Isothermal crystallization of VEC reported as the volume fraction of crystalline material,
Very/Viotar. After reaching T = 198 K, the sample is exposed to an ac electric field of (a) Erms = 80 kV/cmat
different frequencies v as indicated; (b) frequency v = 56.2 Hz using different fields amplitude Eims as

indicated. Results from paper Al.

The volume fraction of the crystalline material, Very/Viota, can be related to the rate of

crystallization, k, and the Avrami parameter, n, through the Avrami relation®°4°

Y g~ expl— (k- 0" = 1—exp[~ (Ya,,)'] )

Vtotal

where t is the time after the onset of crystallization, in other words, excluding the
incubation time of the process. The Avrami parameter depends on the dimensionality and
geometry of the growing crystals. Thus, the crystallization rate provides combined
information about the rate of nucleation (N) as well as the crystal growth (G), where k =
NG™ 1. It is important to note that the rate of crystallization k is the inverse of the
characteristic crystallization time, zry. Among the others, Equation 4 is frequently
employed to analyze the crystallization kinetics of various materials. Hence, the
crystallization curves shown in Figure 11 were fitted using the Avrami equation. Obtained
in this way evolution of tcry as a function of the frequency and the magnitude of the
applied ac field is demonstrated in Figure 12a and Figure 12b, respectively. When the ac

field magnitude is fixed, the crystallization times decrease with decreasing the field
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Figure 12. Time constants tcry Characterizing the crystallization of VEC at T = 198 K. (a) Frequency
dependence of 1y at a practically constant field of Erms = 80 kV/cm. (b). Field amplitude dependence of
Tery at a constant frequency of v =56.2 Hz. The Ems = 80 kV/cm data point of the panel (b) is reproduced

in panel (a) to show consistency. Different electrode materials (SS vs Ti) and different spacings d
between the electrodes were used to discriminate possible electrode effects. The corresponding dc bias

data were added for comparison. Results from paper A3.

frequency. The most pronounced changes are observed at the frequency range of 20 to 50
Hz. For frequencies below that threshold, the crystallization time constants eventually
saturate and approach that characteristic for the static dc-field (v = 0 Hz). Thus, the
resulting zcry(v) is a sigmoidal-shaped curve with two plateaus at high and low-frequency
limits. In turn, when the ac field frequency is fixed, the crystallization times analyzed as
a function of the field magnitude, zry(E), also follow an S-shaped dependence. With
increasing the magnitude of the applied ac field, the crystallization rate will increase.
However, at some point, it also saturates. Thus, the two limiting values of 7y for VEC
are E=0kV/cm and E =150kV/cm. Within that field magnitude range, the
crystallization is accelerated by a factor of ten. Ideally, is when S-shaped zcry(E) obtained
when applying high alternating electric and dc-bias fields of the same magnitude collapse.

The discrepancy, seen in Figure 12b, comes from the fact that the frequency of v = 56.2
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Hz is relatively too high compared to the low-frequency limit (<5.62 Hz) established

based on the results described above (Figure 12a).

Different electrode materials, titanium and stainless steel were used to discriminate
the possible effect of surface roughness (stainless steel electrodes were highly polished
while titanium electrodes were rougher). In addition to that, the distance between the
electrodes was increased from 20 to 53 mm to verify the role of the increased sample
volume/reduce the electrode polarization. It can be seen that the electrode effects, in
general, do not influence the ac field-induced changes in the crystallization of VEC. The
very similar crystallization behavior seen when using different electrode materials
suggests that the nucleation in the presence of ac electric field proceeds via homogeneous

rather than heterogeneous mechanisms.

The crystallization time is not the only parameter affected by the presence of a high
alternating field. On the condition that the crystal nuclei are polar, the electric field can
force a particular orientation of the crystallites. The Avrami parameter captures the
information on the arrangement of the molecular systems in crystalline structures. Figure
13 demonstrates the dependence of the Avrami parameter for VEC as a function of (a)
frequency and (b) amplitude of the ac electric field. The results show that the morphology
of the growing crystals is very sensitive to the frequency and amplitude of the ac field. At
low amplitude or high frequencies, the value n = 3.6 indicates spherical growth of the
crystallites with sporadic nucleation events. While, at low frequencies or high field
magnitude, the Avrami parameter drops down to approximately n = 1.5, which suggests
that the crystallites adopt a more rod-like morphology and grow from instantaneously
formed nuclei. After adding to Figure 13 the values of the Avrami parameter determined

from the dc bias fields, a remarkable agreement was found.
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Figure 13. Dependence of the Avrami parameter n for VEC as a function of (a) frequency at
E =80 kV/cm and E = 61 kV/cm; (b) amplitude of the ac-field at fixed frequency v = 56.2 Hz and

v = 0.1 Hz. The corresponding dc data were added for comparison. Results from paper A3.

To understand the ac-frequency threshold needed to observe crystallization from the
supercooled liquid state of VEC, we have considered the possibility that the field-induced
orientation of particles larger than the molecules may be involved in this process. For
that purpose, we have made use of Stokes-Einstein-Debye (SED) equation which relates
the viscosity of liquid, n, with the rotation time for given particle size, 7,..;,
_ Amnr®
Trot = kB—T
At T=198 K, the viscosity of VEC is 70 Pa s, with the onset ac field frequency of ~18 Hz,
the estimated particle radius is 3 nm. From that, we can suppose that an electric field is
able to align or move around the crystal nuclei of radii r < 3 nm, provided that these
crystallites possess a net permanent dipole moment . Another requirement is that these
crystallites are able to rotate to lower their free energy via an external field, namely, the

angular term UE cos 6 in the potential energy.
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The presence of a high ac field affects not only the crystallization kinetics of VEC
but also the polymorph outcome. This was demonstrated by analyzing the melting
behavior of the investigated samples via dielectric spectroscopy (in a low-field limit). The
results obtained for crystalline material generated using high electric ac fields with
different field frequencies and magnitudes are shown in Figure 14a and Figure 14b,
respectively. The dielectric response was measured at low fields for a fixed frequency of
10 kHz upon continuous heating with 1 K/min from the crystallization temperature of T
=198 K to a value of T = 243 K, where the liquid state of VEC is completely recovered.
The melting event is seen in the dielectric response of the sample as a characteristic rise
of ¢ until reaching the value characteristic for a liquid state. It can be seen that depending
on the frequency and field amplitude used to induce crystallization of VEC at 198 K; the
two melting events can be seen upon heating. Generally, low frequencies or high fields
promote the polymorph formation, which melts at Tm 2 = 208.5 K. More specifically, the
lower the frequency or the higher the magnitude of the ac field, the large the volume
fraction of this polymorph is found in the total crystalline material. At v~ 0.56 Hz, the
melting scan shows that the final product is only the field-induced polymorph. It will be
termed in this way because - in the absence of an electric field - it is impossible to achieve,
irrespectively of the protocol which is used. The polymorph with the melting temperature,
Tm,1 =227 K, can be routinely obtained without high fields just after supercooling VEC
close to Tq region. Therefore, it is termed in this thesis as the ordinary or low-field
polymorph. At 198 K, the high-temperature polymorph grows alone when using the
frequency of v~ 56 Hz at a fixed field amplitude of 80 kV/cm, or lower. At v~ 18 Hz
(Figure 14a) and 100 kV cm™ (Figure 14b) the final product is a mixture of the low-
melting polymorph and the ordinary one. The recrystallization seen as a drop-in ¢’ for T
> Tm,2 1S @ matter of some trace amounts of nuclei or crystallites that leads to the formation

of the polymorph that melts at Tp,1.
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Figure 14. Melting curves of previously crystallized VEC analyzed in terms of the real part of dielectric
permittivity measured at 10 kHz, recorded on heating from 198 K to 243 K with 1 K/min. Crystalline
materials were obtained at 198 K by applying an external electric field of (a) fixed field for a range of
frequencies and (b) fixed frequency for a range of fields, as indicated in the legends. The blue square

represents the melting curve for the regular polymorph. Results from paper Al.

In the next step, the effect of a high ac field on the nucleation of VEC will be
analyzed. For that, protocol B - shown in Figure 10 - was employed. As a reference, we
have also included the crystallization data recorded in the absence of a high field. The
results indicate that crystallization speeds up when the ac field is applied during the
nucleation period. Comparing the zero-field reference data with that collected when the
nucleation takes place in the presence of 130 kV/cm at v=0.03 Hz, we see only small
differences in the time evolution of dielectric permittivity at 10 kHz upon crystallization
of VEC at T, = 198 K. The increase of the field amplitude from 130 kV/cm up to 180
kV/cm (at a fixed frequency v=0.03 Hz) also has very little effect on the crystallization
rate. However, a relevant difference was noticed when the frequency of ac electric field
was decreased to 0.01 Hz. For this frequency, using the field magnitude E=130 kV/cm,
the crystallization process speeds up considerably. The results are shown in Figure 15.
Based on the analysis of the a-loss maximum at 173 K (vmax=60 mHz), we conclude that

crystallization progress is more effective when the ac field frequency v << vmax. This
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supports our hypothesis that the high ac field affects the crystallization of VEC only when
it matches with the time scale of reorientation of much bigger structures like crystal
nuclei. Once this frequency condition is met, the increase in the field amplitude is able to

accelerate the crystallization.
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Figure 15. (a) Changes in the dielectric permittivity ¢’ at a fixed frequency of 10 kHz at T = 198 K for
VEC after being exposed for 1 hat T =173 K to the high-electric field: E = 130 kV/cm (v = 0.03 Hz and
v=0.01 Hz), E =180 kV/cm (v = 0.03 Hz) and E = 0 kV/cm. The inset shows the a-loss maximum at
T =173 K measured within the linear response regime. The arrows identify the frequencies used for high-
field experiments. (b) Melting curves recorded upon heating of VEC crystals generated in the previous

step, following protocol B. Results from paper A3.

After the crystallization was completed, the melting behavior of obtained
crystalline material was identified by scanning from 198 K to 245 K with a constant
heating rate of 1 K/min. Obtained results are presented in Figure 15b. As can be seen,
the ac field frequency modifies the rate of crystallization and changes the final

crystallization product.

In addition to that, when studying the effect of the high ac field on VEC
crystallization, we found another very interesting finding. It is described in more detail in
paper A3. In short, the aim was to verify the influence of the high ac field on the ongoing
crystallization of the ordinary crystal. For that purpose, a completely different protocol
was created. Namely, in the absence of a high ac field, the liquid sample was cooled down
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close to 163 K (i.e., Tg - 8 K), from 243 K. Cooling close to Tg (with no field) will induce
the nucleation of a regular polymorph which grows afterward at higher temperatures.
Without additional waiting time, the supercooled liquid was heated from 163 K to 198 K.
The sample at this temperature was allowed to crystallize spontaneously for some time,
and only once the liquid volume fraction dropped down to around 20%, the high-field
was switched on. Then, when the liquid volume fraction was around 50%, the high-field
was switched off. From the collected dielectric data, it is possible to observe an increase
in the crystallization rate when the ac field is switched on. In turn, when the high electric
field is switched off, the observed trend does not change. From that study, it was
concluded that the nucleation rather than the crystal growth rate is mainly affected at high

electric fields.

In summary, in this section, it was demonstrated how the time-dependent electric
fields could affect the crystallization rate and the morphology of the growing crystals.
The amplitude and frequency of the applied ac field can affect not only the kinetics of the
crystallization but also the outcome product. Subjecting a tested material to high ac fields
with a specific amplitude or frequency value not only induces the crystallization but also
prevents the formation of the low-field polymorph in favor of a completely new form.

2.2. Effect of Electric Field on Crystallization Rate Curves

Currently, there is no theoretical or practical information that explains the impact of
the high electric field on the temperature evolution of the crystallization rate. In this part,
for the first time, it will be demonstrated how the electric field affects the maximum of
the overall crystallization rate curve for a simple polar liquid, VEC. For that, different
magnitude or frequencies of the ac or dc field were applied close to Ty, while the
crystallization will occur at different temperatures. The following results were presented

and discussed in paper A4.

As explained previously, the best temperature range to nucleate the ordinary VEC
crystals is close to Tq. Using this knowledge, we have designed and followed the thermal
protocol C illustrated in Figure 16. Here, starting from T = 243 K, the liquid sample was
cooled down until 173 K to nucleate the regular polymorph. At this temperature, the high
electric field was applied using either different field magnitudes or frequencies for 1 hour.
After 1 hour in the absence of high-field, the sample was heated up to the desired

crystallization temperature. Once the crystallization temperature was reached, we have
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allowed the sample to crystallize in a non-field environment. When the crystallization
was completed, the crystalline material was heated up back to T = 243 K to recover the

liquid state. Both crystallization and melting processes were followed using DS in the
linear response regime.

At this point, it is essential to explain why we have not used the protocol A shown in
Figure 10a to study the field-induced changes in the crystallization behavior of VEC in a
wide temperature range. For higher crystallization temperatures, such as T = 218 K, the
conductivity of the sample is increased. When the high electric field is applied at such
conditions, it generates excessive heating that, in most cases, burns the sample, making it
impossible to measure the field effect on the ongoing crystallization. From this point of
view, applying high electric fields is “more safe” when carried out in a very viscous liquid
regime, close to Tg. On the other hand, following protocol C, in most cases, allow also

nucleation of the ordinary crystals. Therefore, upon heating of the crystallized samples,
two melting events will be detected.
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Figure 16. Overview of the experimental protocol used to study the effect of the magnitude and
frequency of the high electric field on the crystallization of VEC at different crystallization temperatures,

Te.

In a similar way, as demonstrated in the previous section, the crystallization data

were analyzed using the Avrami approach ( ). The obtained temperature dependence

of crystallization rate, k, after exposing VEC to high ac fields of different frequencies and
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magnitudes (please remember that the field was applied only for 1 hour close to Tgwhile
the ongoing crystallization was followed at different temperatures within 193 K and 223
K in the absence of electric field) are presented in Figures 17a and 17b, respectively. For
the reference experiments, that is, upon which the sample was not exposed to an electric
field at 173K, the crystallization rate maximum happens at around 213 K with
logio(kmax/s™t) =~ -3.3. This maximum is obviously associated with the low-field
polymorph of VEC. Using high ac fields of 160 kV/cm at 173 K does not affect the
position of the maximum crystallization rate. However, with decreasing the frequency of
the applied ac electric field, a small (but systematic) increment in the crystallization rate
is observed. Interestingly, the evolution of k(T¢) for ac fields of 160 kV/cm and v=0.1 Hz
shows a quantitative difference at low temperatures compared with 1 Hz situation. As can
be seen in Figure 17a, applying a high electric field from the low-frequency range, v =
10 or 102 Hz, will create a new crystallization rate maximum located at low
temperatures, ~198 K. This new maximum is due to the field-induced polymorph which
can be promoted by high amplitude ac fields only when using frequencies below a specific
threshold. The effect of dc bias fields (v=0 Hz) was also tested, as shown in Figure 17a.
Just as expected, it produces a very similar behavior as when using low frequencies of the
ac fields. As known from the results discussed in the previous section, a high ac field is
able to induce the formation of a new polymorph only when the field frequency matches
with the time scale of the reorientation corresponding to a particular polar
structure/crystal nuclei. When the ac field frequency is incompatible with such motions,

it results only in a slight increase in the magnitude of the overall crystallization rate.

Figure 17b demonstrates the dependence of the crystallization rate curves as a
function of the field magnitude. For high ac fields, a fixed frequency of v = 10"t Hz was
used. At this frequency, it is possible to generate the field-induced polymorph. Thus, we
observe two crystallization rate maxima when using field magnitudes of 100 and 160 kV/
cm. The crystallization rates increase when the amplitude of the ac field increases,
analogous to the case when the ac field frequency is decreased while the high ac field
magnitude remains unchanged. In this case, the temperature positions of both maxima is
also invariant to the field magnitude. Likewise, for the dc bias fields, we also observe two
crystallization rate maxima associated with the field-induced and ordinary polymorphs.
When the static field magnitude increases from 100 and 200 kV/cm, the crystallization

rates increases, but the positions of both maxima remain the same.
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Figure 17. The characteristic time of crystallization for VEC plotted as a function of crystallization
temperature using different field magnitudes (a) E = 200 kV/cm for a dc field and E = 160 kV/cm for an
ac field with different frequencies; (b) E =200 and 100 kV/cm for a dc field and E = 160 and 100 kV/cm

for an ac field at a fixed frequency, v = 10" Hz. Solid lines are fits to the experimental data using an

exponential function plus a linear term. Results from paper A4.

Exposing VEC to a high electric field affects not only the crystallization rate but
also the dimensionality of growing crystals. These changes can be captured by the Avrami
parameter, n ( ). The evolution of n as a function of temperature is plotted in Figure
18a and 18b for the different ac field amplitudes and frequencies, respectively. In the
absence of a high electric field, the Avrami parameter increases with increasing the
temperature, from n = 2 to n = 3.5. At lower temperatures, there are no significant
differences between values of the Avrami parameter for high-field and non-field cases.
On the other hand, as the temperature increases, there is a pronounced influence of both
alternating and static electric fields on the values of the Avrami parameter. Namely, with
increasing the field magnitude, the value of the Avrami parameter increases. Within the
studied temperature range, the frequency of the applied ac field does not change the
dimensionality of growing crystals significantly. Thus, the temperature and the magnitude

of the high electric field seem to have a more impact on the values of the Avrami
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parameter in comparison with the field frequency. As a matter of fact, the ac field
frequency is more important when it comes to the crystallization rate, as demonstrated
earlier. Nevertheless, it should be remembered that the crystallization progress is studied
in accordance with experimental protocol C (Figure 16). So, it takes place in the absence
of a high electric field. Thus, the crystallizing particles are not explicitly forced to be
oriented by the high electric field. This is contrary to the situation when the high electric

field is applied directly at the crystallization temperature.
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Figure 18. The Avrami parameter for VEC plotted as a function of crystallization temperature at (a) E =
200 kV/cm for dc field and E = 160 kV/cm for ac field with different frequencies; (b) E = 200 kV/cmand
100 kV/cmfor dc field and E = 160 and 100 kV/cm for ac field for different frequencies. The values

obtained in the absence of high-field and for dc cases were added for reference. Results from paper A4.

When the crystallization was completed, the final product was analyzed upon
heating scan to recognize the melting behavior. The melting curves were measured in the
absence of a high electric field at a frequency of v = 10 kHz, keeping a constant heating
rate of 1 K/min. The collected results for all crystallization temperatures are gathered
together in Figure 19. For the non-field case, in all crystallization temperatures covered
by this study, there is only one melting event located at Tm1 =~ 227 K. As mentioned before,
it is associated with the ordinary polymorph. Likewise, for high ac fields (100 or 160

kV/cm) using frequency v = 1 Hz, only one melting process is detected.

32



60 |
30
Op = o — - .
60 .
30
Or , 1 , 1 , 1 ML

60 F : —g
38 : T=203 K:
60 HAT = L K/min™ ' i
38 : J{

T=198 K |

g' (v =10 kHz)

190 200 210
Temperature [K]

60 [ = No Field -
30 FH e 100 kvicm (DC) Teo13 K]
O « 200kviem (DC) —
60 } A 100kv/cm 0.01Hz ' N
30 | » 160 kvicm 0.01Hz 4
Of v 100kviem0iHz | o ITZZ?S K.
60 [l ® 160kvicm 0.1Hz . ]
30} ¢ 100 kv/cm 1.0Hz f i
ok * 160 kV/cm 1.0Hz T=223 K_
M M 1 M | M
220 230 2

40

Figure 19. Melting curves of previously crystallized VEC analyzed in terms of the permittivity &’
measured at a frequency v = 10 kHz upon scanning temperature from the crystallization temperature to
245 K at arate of 1 K min™. Crystallization has been field-induced using different magnitudes and
frequencies of the field, as indicated in the legends. The zero-field crystallization counterpart is added for

reference. Results from paper A4.

As the crystallization temperature is decreased to T = 198 K, and with the
frequency of the ac field decreased from 1 Hz to v = 10 or 102 Hz, there is an additional
melting process seen at Tm2 ~ 208 K, and related with the field-induced polymorph.
Because of some residual fraction of the ordinary form nuclei in the crystallized product,
the subsequent heating also shows the melting process at Tm1 = 227 K. Since the values
of ¢’ near Tm2 can be associated with the volume fraction of the high-field polymorph; it

can be seen that using ac field frequency of 102 Hz instead of 10! Hz results in obtaining
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a larger fraction of the field-induced polymorph. For the dc fields, the magnitude of the
high electric fields affects the quantity of the polymorphs in the crystalline material
obtained at temperatures below 208 K; the melting scans taken for these samples also
show two melting events related to the field-induced and ordinary polymorphs. All other
melting curves associated with crystallization temperatures between 208 K and 223 K
follow the same behavior as the non-field case, indicating a melting process of the

ordinary polymorph (Tm1).

In summary, this section demonstrates the effect of a high electric field on the
overall crystallization kinetics of VEC in a wide temperature range. It was explored how
the frequency and amplitude of an applied ac electric field affect the temperature
evolution of the crystallization rate and Avrami parameter. Changing the magnitude and
frequency of the high ac fields allows generating at lower temperatures additional
crystallization rate maximum associated with the formation of the field-induced
polymorph. In general, the location of the overall crystallization rate maximum
corresponding to the ordinary VEC polymorph remains unaffected by the electric field.
Nevertheless, the crystallization rates were observed to increase slightly with increasing
the field magnitude. Static electric fields influence the crystallization of VEC in the same

manner as high alternating electric fields of very low frequency.

2.3. Stability of the Field-Induced Polymorph

The stability of the field-induced polymorph of VEC is studied in this section. The
field-induced polymorph reveals to be unstable at certain conditions. So, using dielectric
spectroscopy, we have monitored the potential polymorphic transition of the field-

induced polymorph into the stable state. These results are discussed in paper A2.

Two different thermal protocols were utilized to investigate the stability of the field-
induced polymorph, as demonstrated in Figure 20. The first protocol, protocol D, aims to
induce the nucleation of the regular polymorph via decreasing the temperature to 173 K.
Then, the supercooled sample is heated to the crystallization temperature Tc = 198 K,
where the high-electric field, with amplitude Ecry = 80 kV/cm at a frequency of v = 5.62
Hz, will be applied. This should result in obtaining a crystalline material containing both
field-induced and ordinary polymorphs. Once crystallization is completed, we had added
some waiting time, tw, up to 72h, before the heating scan from 198 K to 245 K was

performed. The waiting time was carried out with either the electric field to be switched

34



on or off. In the second protocol, protocol E, the plan was to avoid the formation of the
regular polymorph. Therefore, the liquid sample was cooled down straight to the
crystallization temperature, 198 K, without any further cooling to the temperature region
close to Tg. In this way, using sufficiently high ac field magnitudes matched with the ac
field frequencies below a characteristic threshold, the crystallized sample should contain
only the field-induced polymorph. After completing the crystallization, the crystalline
material was kept at 198 K for up to 72h, with the field switched on or off. After the

waiting time, the temperature was increased, and the melting behavior of obtained
crystalline products was analyzed.
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Figure 20. Schematic representation of the two different protocols used to prepare samples and test the
stability of the field-induced polymorph. Protocol ‘D’ inserts additional cooling to T = 173 K, whereas

the temperature in protocol ‘E” was never lower than T, = 198 K.

The results of the dielectric study collected by following protocol D are
demonstrated in Figure 21a. The evolution of the dielectric permittivity €’ at v = 5.62 Hz
was monitored upon crystallization of VEC in the presence of a high ac field. As a
reference, the same experiment was also performed in the absence of a high electric field.
Since these data are the basepoint for further consideration, the analysis will start from
the changes in ¢’ at a fixed frequency (5.62 Hz) with time as measured at low fields (~ 0
kV/cm). In this case, a final drop of &’ values as due to crystallization takes place from &’

~73 to a level close to 3.6. And this value remains unchanged with time. In turn, when
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the high field is applied during crystallization (~80 kV/cm), the dielectric permittivity
terminates the rapid descent near a level of ¢’ = 6.0. But then, interestingly, the value of
the ¢’ decreases linearly with waiting time and reaches the value of ¢’ = 3.6 after 14 h.

This situation is seen much better in the inset of Figure 21a.
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Figure 21. (a) Time-dependent changes in dielectric permittivity ¢’ at a frequency v = 5.62 Hz recorded
for VEC in the presence of an ac-field Ecry as indicated in the legend for protocol D. After completing
crystallization, there is an additional waiting time tut, during which the ac field with Ew; = Egy is still
applied. The time dependence of ¢’ in the range 6 to 3.6 is shown on an enlarged scale in the inset; (b)
Temperature dependence of the dielectric permittivity ¢’ (at vo = 10 kHz) measured on heating of the

crystalline material obtained in the previous step. Results from paper A2.

After completing crystallization and additional waiting time at 198 K, the melting
behavior of the crystallized material was analyzed. The results presented in Figure 21b
show changes of &’ (vo = 10 kHz) during a temperature scan from 198 to 243 K at a heating
rate of about 1 K/min. The dielectric data were recorded within a linear response regime.
For the non-field case, only one melting event located at Tm1 =227 K was detected. When
the high-field is applied with tw = 0 h, we observe two melting events, one associated with
routinely obtained low-field polymorph and the other one, at Tm2 = 208 K, related with
the field-induced polymorph. The dielectric permittivity of the first melting event is close
to 73. However, this value decreases when ty is increased. For example, after ty =3 h ¢’
goes up to around 54, while for tw = 8.5 h it decreases to ~18. The field-induced
polymorph melting event eventually disappears for the case when the waiting time is very
long, tw = 72 h. Combining together the crystallization and melting behavior results it was
concluded that a transformation of the field-induced metastable polymorph to the stable
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form takes place with time. It proceeds almost linearly with time. Moreover, the results
presented in Figure 21 indicates that the presence of an electric field switched on or off
during the waiting time has no impact on the polymorph transformation progress (open
symbols refers to tw in a non-field environment while filled symbols refer to tw in the

presence of high electric field).

With that, we move on to protocol E, shown in Figure 20. As noted before, using
this protocol, the growth of ordinary VEC crystals should not be induced. This can be
indeed seen by looking at the dielectric data presented in Figure 22a. Only certain
frequencies below a characteristic threshold can cause the formation of the new
polymorph. For ac field magnitudes of 80 kV/cm and with v = 562 Hz, the crystallization
was not observed for up to 22 h. The level of &' remains the same as for the liquid sample.
The same results are observed for VEC sample when following protocol E at no high
electric field. However, for lower field frequencies, like v = 5.62 Hz, the crystallization
takes place, and the dielectric permittivity decreases from ~73 to 4.7. The same results
are observed when dc fields are used. In contrast to the previous protocol, the value of the

permittivity is not affected by the additional waiting time.
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Figure 22. (a) Time-dependent changes in dielectric permittivity ¢’ for various frequencies recorded for
VEC in the presence of an ac-field E¢ry as indicated in the legend for protocol E. After crystallization is
completed, there is an additional waiting time tw, during which the ac field amplitude Ew = Ecry remains
applied; (b) Temperature dependence of the dielectric permittivity ¢’ (at vo = 10 kHz) measured on heating

of the crystalline material obtained in the previous crystallization. Results from paper A2.

Figure 22b shows the corresponding melting curves for the samples crystallized

in the previous step. For both ac and dc cases, there is only one melting event at Tmz =
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208 K, related to the field-induced polymorph. This remains unchanged even after a
prolonged waiting time. By looking at the crystallization and melting behavior of VEC
when following protocol E, it was concluded that the field-induced polymorph, if
prepared in the absence of the nuclei of the stable polymorph, does not suffer from a

polymorphic transformation with time.

In summary, it was observed, for the first time, using dielectric spectroscopy, that
the field-induced polymorph can transform into a stable ordinary VEC crystal with time.
Depending on the temperature protocol introduced before crystallization, the field-
induced crystals of VEC can be obtained either with high polymorphic purity or mixed
with seed crystals of the ordinary stable polymorph. In such as case, polymorphic
transition takes place. In contrast, no sign of such transformations is observed when the
field-induced crystal structure is obtained in the absence of the ordinary form. Switching
the field on/on after crystallization does not have any other impact on the transformation

Kinetics/stability of the polymorph.
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3. CONCLUSIONS AND SUMMARY

This thesis focuses on the effect of a high electric field on the crystallization behavior
of the polar molecular liquid, VEC. The aim was to understand better how the external
electric field can affect the crystallization tendency of glass-forming systems and control
the polymorph formation. This study covers the impact of static electric fields and high

alternating fields of different field magnitudes and frequencies.

It was demonstrated that the high electric field favors the formation of a new
polymorph with lower melting temperature while at the same time it impedes the growth
of the ordinary crystals. The high amplitude of the ac field matched with a certain
frequency — from the low-frequency limit - allows the reorientation of crystallites so that
their free energy can be lowered by the field. Additionally, changing these parameters
facilitates the control over the crystallization time and the morphology of the growing
crystals. The analysis of the crystallization kinetics via Avrami equation shows that the
crystallization time and Avrami parameter depend on the frequency and ac field
amplitude. The sigmoidal shape of obtained dependences indicates limiting behavior for
high amplitudes/low frequencies and for low amplitudes/high frequencies. In general, the
crystallization results obtained using a high alternating electric field from the established
low-frequency limit are consistent with the dc bias fields, where the frequency can be

considered as 0 Hz.

The field-induced changes in crystallization will occur only for polar molecules
systems that form crystal nuclei with lowered free energy due to the presence of the
electrical field. For VEC, this is consistent with the homogeneous nucleation of polar
crystals with radii below 3 nm. Faster crystallization observed via dielectric study
correlates strongly with the selective formation of the field-induced lower melting
polymorph, indicating that electric field promotes a distinct polymorph rather than
modifies the crystallization that results in the ordinary and probably nonpolar crystal

structure.

This study also provides key experimental data on the impact of the external electric
field on the temperature dependence of the crystallization rate. It was observed that when
using some frequencies below a certain threshold and higher amplitudes of the applied ac
electric field, an additional crystallization rate maximum is formed at lower temperatures.

It is associated with the formation of the field-induced polymorph with a distinct melting
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temperature. Likewise, high dc fields result in seeing the same effect as when the
alternating electric field of very low frequencies is applied. For the crystallization rate
maximum located at higher temperatures, the electric field parameters, such as frequency
and amplitude, do not affect its location. Nevertheless, they are responsible for a slight
increase in the overall crystallization rate. The morphology of the growing crystal was
found to not be affected by the frequency of the ac field. In turn, it depends on the
magnitude of the electric field as well as the crystallization temperature. From the melting
curves, it is possible to conclude that the quantity of the field-induced polymorph can be

controlled by changing the magnitude and the frequency of the applied field.

As a final point, this thesis covers the problem of the field-induced polymorph
stability and transformation from the field-induced metastable to the stable ordinary
polymorph. The field-induced metastable polymorph can be formed at 198 K. On the
condition that there are no ordinary crystal nuclei in the crystallizing material, the field-
induced polymorph can be obtained with high polymorphic purity and stability.
However, this can change dramatically when the nuclei of the stable polymorph are
present in the system. In such a case, a polymorphic transformation from the field-induced
metastable polymorph to the stable polymorph is observed. Such transformation takes
place almost linearly with time. It cannot be affected in any other way by the high electric
field, switched on or off. The use of dielectric spectroscopy to monitor such polymorphic

transformation in real-time was reported for the first time.
The most important scientific achievements of this thesis can be summarized as

1. Characterizing how the magnitude and frequency of high ac electric field affect the
crystallization behavior of a simple molecular liquid. This happens only under certain
conditions, i.e., when using sufficiently high field amplitudes matched with the specific

frequency that allow aligning crystal nuclei with sizes much larger than the molecules.

2. Demonstrating that the use of a high alternating electric field of very low
frequencies results in seeing a similar effect on crystallization as when high dc bias fields
are applied. Confirm that the nucleation rather than the crystal growth rate is mainly
affected at high electric fields.

3. Showing that the dielectric spectroscopy can be successfully used in the real-time

of the experiment to follow the polymorphic transition from the field-induced metastable
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to the stable crystal structure. Interestingly, such transformation was found to take place
in the presence of the nuclei of the stable polymorph.

4. Providing first experimental data which demonstrate the effect of high electric field
on the overall crystallization kinetics in a wide temperature range for a molecular system

with the field-induced polymorphism.

The information that a high electric field can suppress the formation of one polymorph
in favor of a completely different one opens new paths in pharmaceutical science and
material engineering, constantly looking for better strategies to control and tune the

crystallization propensity of molecular systems.

Regrettably, it is not able to provide a more in-depth molecular understanding of the
interplay between the effect of the external field and crystallization temperature. The
specific frequency threshold seen when using high ac fields pointed toward the field-
induced crystal nuclei being macroscopically polarized. Such conjecture requires,
however, the analysis of the crystal structure. However, the final crystallization product
of VEC melts at sub-ambient temperatures, which practically limits the options of in-situ
studies of the structure. Nevertheless, the original results gained from this study provide
an essential experimental piece of work that can guide future reach aimed to utilize high
electric fields to control the crystallization behavior of different polar materials. The
upcoming research will involve looking for some other polar molecular materials with
higher values of the melting points and various crystal structures that can be potentially

oriented by the electric field.

Finally, it should be noted here that the field-induced changes in the crystallization
behavior of VEC are completely reversible. Heating the field-induced polymorph above
its melting temperature results in recovering the pure liquid state of the same properties
as before applying the electric field. Therefore, each time after the melting process, the
static dielectric constant of the initial liquid sample was recovered. The same applies to
glass transition dynamics. In addition to that, whenever needed, the ordinary polymorph
- that melts at Tmi- can be obtained in the absence of a high electric field. For that, one
needs to cool down a liquid sample close to T4 to promote nucleation of the ordinary
form. Switching the high electric field will immediately favor the growth of the field-

induced polymorphic form of VEC.
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