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Polymer nanocomposites with half a century of history are still one of the most 

interesting materials being extensively studied by scientists. After realizing the exceptional 

properties of nano-sized materials, polymer nanocomposites were industrially developed 

as engineering plastics in the early 1990s 1. These materials are defined as the combination 

of a polymeric host material and a filler with at least one dimension below 100 nm. By the 

addition of a few weight percent of a nanoscale filler to a polymer resin, numerous 

properties of the resulting material are significantly improved. These improvements are 

known to be related to the large interfacial areas imparted by the high surface area 

nanoparticles when dispersed well in the polymeric material 2.  This is the main advantage 

of nanocomposites over the conventional microcomposites. With this technology, it is 

possible to develop materials with superior properties depending on their application. 

Generally, inorganic nanofillers benefit from good optical, electrical, thermal and 

mechanical properties, while organic materials, including polymers, exhibit other excellent 

properties such as lightness, flexibility and processability. So, nanocomposites are expected 

to have complementary properties that neither the host matrix nor the added nanofiller 

alone shows. The appearance of polymer nanocomposites with dielectric and insulating 

properties dates back to the early 2000s 3. Since then, the research and development of 

nanocomposites with improved dielectric properties have led to the realization that these 

materials are, in fact, very good candidates for applications such as electrical insulation for 

power equipment, high voltage cables and electronic devices. The term nanodielectric is 

often used to describe polymer nanocomposites with dielectric applications, which is a 

recurring term in the upcoming chapters and serves as the main focus of the present thesis. 

The promising potential of nanodielectrics has become particularly appealing to the 

high voltage cable industries, who have started to incorporate these materials into their 

production 4. Despite this potential, however, industrialization of nanodielectrics suffers 

from the limited fundamental understanding of the underlying mechanisms determining 

their properties. Accordingly, cable industries together with research facilities are taking 

meticulous measures to leap towards a full realization of the nanodielectrics’ potential. 
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The project GRIDABLE is one these efforts 5. Various industrial and academic partners 

have come together in a multidisciplinary consortium to address the industrial promise of 

nanodielectrics for the production of high voltage direct current (HVDC) cable insulation 

and capacitor films. The objective of this project is to put thermoplastic nanodielectrics to 

test on both, pilot and large scales, and select the most suitable candidates for production. 

The development of HVDC technology, is essentially directed at the production and 

transmission of green energy 6. The appealing idea of a super grid, to transmit green 

energies from where it is abundant, over long trans-continental distances has been around 

for several years (see Figure 1.1). In the path towards this milestone, it is necessary to 

maintain the sustainable attitude down to the infrastructure level. Yet, most of the existing 

HVDC grids are equipped with insulation systems based on crosslinked polyethylene (XLPE) 
7. Despite its good electrical properties, polyethylene (PE) has to be chemically crosslinked 

in order to obtain the mechanical properties suitable for HVDC cable insulation applications. 

This would result in a material that is not recyclable, and hence, not sustainable. As an effort 

to address this issue, GRIDABLE focuses on polypropylene (PP) based nanodielectrics for 

HVDC application. PP has proven to possess high dielectric strength, comparable to PE, and 

due to the absence of crosslinks, it can be recycled and re-used for other low demanding 

applications 8. Exhibiting satisfactory electrical properties, PP appears as a sustainable and 

promising candidate to replace XLPE in HVDC technology. The lower mechanical properties 

of PP compared to XLPE can be effectively compensated by blending it with polyolefin 

elastomers, ethylene propylene diene rubber (EPDM) or linear low-density PE (LLDPE) 9-10. 

As to the choice of the nano-filler, it is important to use an active treatable particle with 

high purity and minimal moisture content.  The treatability of the nanoparticles enables one 

to modify their surface properties to achieve improved dispersion and tailor their interfacial 

interactions with the surrounding polymer chains. Fumed silica nanoparticles, offering large 

treatable surface areas, low contamination and moisture contents are excellent candidates 

for developing high performance nanodielectrics. Along with these characteristics, fumed 

silica nanoparticles also exhibit high electron-phonon interactions 11-12, i.e. they can interact 

with charge carriers inside the nanodielectric, immobilize them and likely contribute to the 

enhancement of the dielectric properties of the material. 
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Figure 1.1. A conceptual super grid linking renewable resources across North Africa, the Middle East 
and Europe 13 

The superior properties of nanodielectrics lie within the large interfacial areas induced 

by the nanoscale fillers in the polymeric matrix: a complex spatially extensive region where 

the material exhibits properties that are neither of the filler nor the polymer matrix. These 

interfacial areas ultimately determine the macroscopic dielectric properties of the 

nanocomposites. In fact, a deep physical and chemical understanding of these interfaces is 

of utmost importance in order to tailor the properties of the nanodielectrics and develop 

high performance insulation systems. Tailoring the characteristics of the interfacial areas in 

nanodielectrics is the main theme of the present thesis.  

One of the most practical approaches towards this objective is through modification 

of the filler surface. By introducing new functional groups onto the surface of nanoparticles, 

it is possible to tailor the interactions in the interfacial zones, and ultimately, control the 

dielectric properties of the nanocomposite. Three different approaches for nanoparticle 

modification are presented and discussed in the framework of this thesis. The conventional 

liquid-phase treatment where the modification takes place in a solution is a relatively 

straight forward method which utilizes a wet chemistry approach to modify the 

nanoparticle surfaces. Nevertheless, to address the shortcomings of the solution technique 
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such as the recovery of solvents, wet extraction of by-products and lack of control over the 

morphology and thickness of the deposited layer, two novel gas-phase methods are also 

introduced and studied in this work: atomic and molecular layer deposition (ALD and MLD) 

are utilized for gas-phase modification of the nanoparticles in a fluidized bed. These 

methods do not suffer from the shortcomings of the wet process and offer outstanding 

control over the morphology and conformity of the modification layer. Since the gas-phase 

methods are developed for the first time in this study, separate chapters are dedicated to 

elaborate on the details of the processes and characterization of the resulting nanoparticles. 

In Chapter 2, we first introduce the concept of nanodielectrics, and discuss the models 

describing the characteristics of the interfacial areas. Chapter 2 serves as a literature survey, 

a quest for understanding the dielectric phenomena at the nanometric scale. 

Chapter 3 discusses the liquid-phase modification of silica nanoparticles with 3-

aminopropyltriethoxysilane (APTES) and its effect on the dielectric properties of PP based 

nanodielectrics. In particular, we investigate the influence of this type of modification on 

the charge trapping and transport phenomena in the studied nanocomposites.  

Chapter 4 is also dedicated to the solution modification method, using 3-

(trimethoxysilyl)propyl methacrylate (TMPM) and 1-[3-(trimethoxysilyl)propyl]urea (TMPU) 

as modifying agents, to introduce ureido and methacrylate functional groups onto the silica 

nanoparticles. Subsequently, the effect of such surface treatment is studied on the 

dielectric response of the nanocomposites. 

In Chapter 5 we introduce a novel gas-phase method, similar to atomic layer 

deposition (ALD), to deposit layers of aminopropylsiloxane onto the silica nanoparticles in 

a fluidized bed using APTES as the precursor. The modification process is investigated in 

detail, and the resulting nanoparticles are characterized by several experimental methods. 

Chapter 6 focuses on the dielectric properties of nanocomposites filled with the 

APTES-modified nanoparticles in the gas-phase. Firstly, we demonstrate the alterations in 

the electronic structure of the silica surface upon this type of modification by means of 

density functional theory (DFT) modeling. Then, the effect of this self-limiting controlled 
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modification method on the charge trapping properties of the nanodielectrics is 

investigated and compared to the model predictions. 

The second gas-phase modification method is described in Chapter 7. Using 

phenyldiisocyanate (PDIC) and ethylenediamine (ED) as the precursors, consecutive layers 

of polyurea are deposited onto the silica surface via molecular layer deposition (MLD) in a 

fluidized bed for the first time. The process is described in detail and the resulting 

nanoparticles are characterized by means of several techniques. 

The dielectric performance of the nanocomposites filled with the MLD-modified 

nanoparticles is studied in Chapter 8. The DFT method is also utilized in this chapter in order 

to realize the electronic structure of these functionalized nanoparticles in the presence of 

an external electric field. The model predictions are then validated by experimental results. 

We demonstrate the introduction of new localized states resulting from the polyurea 

repeating units and elaborate on their influence on the charge trapping and transport 

phenomena in the studied nanodielectrics. 

Finally, a global summary is presented in Chapter 9. Final conclusions, additional 

remarks and implications of the presented results in this study are summarized in this 

chapter, and a possible future roadmap is described. 

As mentioned in the beginning of this chapter, the underlying mechanisms through 

which nanodielectrics impart their outstanding properties are still far from being fully 

understood, as there still exist numerous unknown unknowns . The ultimate objective of 

this work, therefore, is to provide more evidence of these phenomena, by focusing on the 

role of the nanoparticles and their surface properties, as a trial to unravel the potentialities 

of nanocomposites as insulation materials . Hopefully, the present thesis can be a stepping 

stone towards approaching this ultimate goal. 
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Dielectric Nanocomposites: A Quest for Understanding 

1 Introduction 

Polymer nanocomposites are hybrid materials where a small weight percent (wt.%) of 

nanostructured fillers is incorporated into a polymeric matrix to achieve an improved 

performance in a wide range of applications 1-3. In the 1990s, polyamide/layered silicate 

nanocomposites were first commercialized as high impact, heat resistant materials 4. Since 

then, the use of high performance nanocomposites has been a recurring theme for many 

studies 5-8. Dielectric nanocomposites were not an exception, as they comprise one of the 

major research topics in the fields of material, electrical and electronic engineering. The 

multidisciplinary nature of this field of research has attracted a large number of scientists, 

over the last two decades, to study these interesting materials 9. This chapter aims to 

provide an extensive overview on the background, descriptive models and the recent 

developments in the field of polymer nanodielectrics. One tool for understanding the 

underlying phenomena in nanodielectrics and further development of this material class is 

density functional theory (DFT) which will also be introduced in this chapter.  

In the realm of dielectric materials, the year 1994 is iconic, when Lewis introduced the 

concept of nanometric dielectrics, and elaborated the charge transfer mechanisms at the 

interfacial regions between two phases 10. Starting with a metal electrode in contact with 

an insulator in the presence of an external electric field, he pointed out that the interface 

between the two phases is a nanometric system with properties which are invariably 

different from those of the bulk phases on either side. This layer extends from sub-atomic 

distances in the metal bulk to around 100 nm in the insulator phase, and is charged due to 

the presence of the electric field. To attain an equilibrium steady state, charges would have 

to be transported towards or away from this interface. The rate of this transfer, and the 

attainment of the steady state depend on the electrical conductivities of the two phases, 

and can be exceedingly long for insulating materials. The situation at the electrode/insulator 

interface can be illustrated as Figure 2.1. On the metal side, a quasi-free electron cloud is 

formed over less than an atomic distance. Chemical and physical forces will then drive 
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dipoles, ions and other polar species in the insulator to form a monolayer, which is called 

the inner Helmholtz layer 11. Beyond this, in the outer Helmholtz layer, species would be 

under the influence of both the inner layer and the forces in the bulk of the dielectric. Next 

to the Helmholtz layers in the dielectric is usually a diffuse layer, also known as Gouy-

Chapman space charge layer 12-13, the extent of which depends on the concentration of the 

charged species in the dielectric material. This situation leads to a process of charge 

separation between the metal and the dielectric, with a charge density q (also known as the 

image charge) residing in the metal boundary, and a counter charge -q distributed in the 

Helmholtz and Gouy-Chapman layers. This q, -q system forms a double layer, characteristic 

of the interface between a metal electrode and a dielectric insulator. 

Figure 2.1. A metal electrode/dielectric interface depicting a: positive metal cores; b: the outer 
electron cloud of the metal; c: the structured inner Helmholtz layer of molecules and ions; d: the 
outer Helmholtz layer and e: the Gouy-Chapman diffuse space charge layer. In this illustration the 

net charge in the dielectric (-q) is considered positive, therefore, the image charge in the metal (q) is 
negative 10. 
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2 The Nature of Charge Carriers in Polymers 

Whether to assume that the charge carriers in polymeric materials are of ionic or 

electronic nature has certain implications when discussing charge transport in dielectrics. 

In general, the three possible sources of charge carriers are thermal ionization in the bulk 

material, ionization of impurities and field induced injection of electrons from an electrode 
14. While intramolecular charge motion, i.e. charge motion within the molecular structure 

of the polymer is known to be due to electrons or holes 15, the intermolecular transfer is 

subject of debate 16-17. Wintle 14, 17 states that it is unavoidable that the electronic charges 

interact with low molecular weight species in the bulk material and form ionic carriers. 

Therefore, he ascribes charge transport in technical insulators, whether gas, liquid or solid, 

to be largely characterized by ionic flow. However, the study of DC conductivity in dielectrics 

reveal that electronic charge injection plays a significant role in the mechanisms of charge 

transport. In general, the flowing current in a dielectric after a DC field is abruptly removed 

(or applied), is given by the Curie-von Schweidler law 18: 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴𝑡𝑡−𝑛𝑛 (Equation 2-1) 

Where A is a constant 19-21, 0 < n < 1 for most dielectrics, t is time and voltage is 

applied/removed at t = 0. It has been observed that after the voltage is applied, the current 

decays very slowly to a nearly constant value 22-23. This constant current can be in the order 

of 10-8 A for planar 150 µm polyethylene samples under an applied DC field of 20 kV/mm 24-

25. The fact that this current remains nearly constant for long periods of time implies that 

there is an inexhaustible source of charge carriers in the material, despite the limited 

number of ionized species moving from one electrode and neutralizing at the other. 

Therefore, it can be assumed that given enough time, the steady-state DC conductivity and 

space charge distribution in polymeric materials is fairly governed by electronic charge 

transport. The same assumption will be held throughout this chapter to explain charge 

trapping and transport in nanodielectrics. 



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 21PDF page: 21PDF page: 21PDF page: 21

C H A P T E R  2                                                P a g e  | 21 
 

3 Charge Injection From Electrodes 

Charge injection across the interface between a dielectric material and a metallic 

electrode has been studied extensively for many years. There are two main models 

generally applicable when electric fields less than 109 V/m are applied: 

i. The Schottky model 26 which considers charge injection as field-assisted 

thermal excitation of an electron from the electrode to the bottom of the 

conduction band in the dielectric. According to this model, the electron exiting 

the electrode is subjected to two opposite forces: The image force, applied by 

the image layer in the electrode, drawing the electron back, and the force due 

to the electric field, which pushes the electron into the dielectric. These forces 

are functions of the electric field and the relative permittivity of the dielectric. 

ii. The surface state tunneling model 27 treats charge transfer as a tunneling 

process between the surface states of the electrode and the dielectric. Both 

the electrode and the dielectric possess donor and acceptor surface states. In 

the dielectric, these states are associated with dangling bonds and absorbed 

impurities on its surface. If the donor energy level is higher, or the acceptor 

energy level is lower than the Fermi level of the electrode, charge transfer may 

occur provided the tunneling distance is not too large. This kind of transfer 

does not occur uniformly over the interfacial area, as the contact between the 

two surfaces is not uniform on a molecular scale. 

Upon transfer to the dielectric phase, electrons and holes are to move rapidly through 

the intra-chain states in the conduction and valence bands, respectively. Accordingly, the 

minimum mobility of the charge (𝜇𝜇𝑚𝑚𝑚𝑚𝑛𝑛) transported through the band can be calculated 

from Equation 2-2: 

𝜇𝜇𝑚𝑚𝑚𝑚𝑛𝑛 = 𝜋𝜋𝜋𝜋𝑎𝑎2/4ℎ (Equation 2-2) 

Where e is the electron charge, a is the lattice spacing in the dielectric, and h is Planck’s 

constant 28. In case of a polymeric dielectric, the lattice spacing is the distance between two 

repeating units in the chain. 
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For instance, considering a=0.254 nm for polyethylene (PE) 29, Equation 2-2 yields a 𝜇𝜇𝑚𝑚𝑚𝑚𝑛𝑛 of  

1.2×10-5 m2 V-1 s-1, which is orders of magnitude higher than the experimentally measured 

charge mobility for insulating polymers, mostly in the range of  10-13 - 10-15 m2 V-1 s-1 at room 

or slightly higher temperatures 30-32. This significant difference suggests that charge 

transport in dielectrics is strongly affected by trapping. An electron may be moving rapidly 

through the conduction band for a short time, but its mobility significantly reduces as it gets 

immobilized for much longer periods in localized states i.e. traps. 

4 Charge Traps 

Ideally, each atom in the material’s periodic crystal lattice should be located at the 

appropriate position, so that the resulting structure has the lowest level of energy 33. Any 

deviation from this situation would lead to defect points with localized energy states i.e. 

traps. These states are localized, that is, they exist only in defect points of the material 

structure, where the continuity of the lattice is disturbed. In polymers, traps are formed by 

the conformational defects in the polymer chains 34, and by the presence of chemical 

defects such as crosslinks, contaminations (e.g. by-products of crosslink reactions or filler 

treatment), additives (fillers, antioxidants etc.), branches and double bonds along the 

polymer backbone. The traps created by the conformational defects of the polymer chains 

are not permanent as they may be disintegrated when temperature approaches the onset 

of certain chain segment motions such as crankshaft motions (around -120 °C for 

polyethylene) 35. However, if the trap is permanent, the electron may only escape when it 

has gained sufficient energy to surmount the potential well, presented by the trap. The 

electron then moves freely through the conduction band until it is captured by another 

localized state. This is illustrated in Figure 2.2, where electron transfer occurs by thermally 

assisted resonance tunneling from Site 1 to Site 2 36-37. In this case, the electron in Site 1 at 

energy Ea1 is thermally excited to an energy level E followed by tunneling through the 

potential barrier E(x), to an equivalent level in Site 2, and de-excites to energy Ea2. 
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Figure 2.2. Schematic presentation of thermally assisted resonance tunneling of an electron 
between two traps 36. 

5 Nanodielectric Models 

Polymer nanocomposites are distinctive, in the sense that they are endowed with 

significantly larger interfacial surface areas compared to the conventional microcomposites. 

For polymeric nanodielectrics, the study of these interfacial regions has led to 

developments of models describing their characteristics. Yet before describing these 

models, let us first focus on the interface itself and its physical properties. 

At the molecular level, the influence of polymer/filler interactions on the molecular 

mobility and structure of the adjacent polymer chains are signified when the filler 

dimensions are in the nanometric range. Experimental work has shown a reduction in 

molecular mobility of the polymer chains at the interfacial region 38.  For polymer chains 

near the solid surface of the nanoparticle (NP), the number of possible configurations, and 

hence, the configurational entropy decreases 39. This would induce an entropic force leading 

the chains to recoil from the surface. This results in a layer of polymer chains with a reduced 

density adjacent to the NP. Figure 2.3a presents the mass density 𝜌𝜌(𝑅𝑅) of polyethylene (PE) 

as a function of its distance from a silica NP, compared to the neat matrix simulated at 

different conditions 40. The silica NP occupies the space up to R ~ 22 Å. From this point and 
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within intervals of ~ 4 Å  the peak mass densities represent polymer shells around the NP. 

When there is no strong interaction e.g. chemical bonding between the polymer and filler, 

chains tend to be aligned parallel to the NP surface. This is well demonstrated by Brown et 

al. for a PE/silica interface 40. The angle θ is defined as that between the outward vector 

normal to the interface and the local axis of the polymer chain. Accordingly, the correlation 

between θ and the distance from the center of the NP (R) can be explained by the solvation 

of two Legendre functions P1(cos θ) and P2(cos θ) defined as 

𝑃𝑃1(cos 𝜃𝜃) =  ⟨cos𝜃𝜃⟩ (Equation 2-3) 

𝑃𝑃2(cos𝜃𝜃) =  
3
2
⟨𝑐𝑐𝑐𝑐𝑐𝑐2 𝜃𝜃⟩ −

1
2

 (Equation 2-4) 

𝜃𝜃 and R are related via simple vector math. 𝜃𝜃 is basically the angle between two 

vectors: one connecting the center of the particle to the monomer i (in the polymer chain), 

and the other connecting monomer i to monomer i+1. The sum of these two vectors, gives 

R.  𝑃𝑃1(cos𝜃𝜃) is normally zero due to the symmetry of the model, and has minimal 

implications. The variation of 𝑃𝑃2(cos𝜃𝜃) with R, however, has insightful indications. 

𝑃𝑃2(cos𝜃𝜃) is − 1 2⁄  for a perfectly perpendicular alignment, 1 for perfectly parallel 

alignment and 0 for a random alignment. It is clear in Figure 2.3b that in the vicinity of the 

NP (R ~ 22 Å), polymer chains are perpendicular to the interface normal vector; i.e. the 

chains are parallel to the interface. As R increases, 𝑃𝑃2(cos 𝜃𝜃) oscillates and gradually tends 

to 0 which indicates the random alignment of the polymer chains at sufficiently large 

distances from the NP surface. The mass density 𝜌𝜌(𝑅𝑅) and 𝑃𝑃2(cos 𝜃𝜃) exhibit similar 

oscillations, indicating peaks of mass density at positions where the chains are parallel to 

the interface [39]. 
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a. 

 

b. 
 

Figure 2.3. a: Mass density of the polymer as a function of the distance from the center-of-mass of 
the silica particle. The dotted and dashed lines are determined from the pure polymer simulations at 
the denoted pressures. b: Mean values of 𝑃𝑃2(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃) as a function of R for the composite system at 

the two pressures. The angle 𝜃𝜃 is defined as that between the outward vector normal to the 
interface and the local axis of the polymer chain 40. 
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Moreover, an increased number of chain ends is expected close to the NP surface 

because the decrease in entropy is expected to be lower if one end of the polymer chain is 

in contact with the NP 39. These studies reveal the peculiar characteristics of the interfacial 

polymer chains compared to the bulk material. This notion is the founding assumption 

behind the interfacial models in nanodielectrics. 

 The Interface Models 

As discussed above, the properties of polymer chains in the close vicinity of the NPs 

are considerably different than those of the bulk material. Due to the large specific surface 

area of NPs, these interfacial regions are in fact very significant, and are expected to greatly 

affect the macroscopic properties of the material, including the dielectric properties. 

Accordingly, the physical properties of the interfacial material close to the particle surface, 

is expected to be similar to those of the particle, and the further the distance from the 

particle, the closer the properties to those of the polymer 16. The variation of the properties 

with respect to the distance from the particle is then dependent on the property being 

studied. 

Presently, a model for describing interfaces in polymer nanodielectrics has been 

developed, for which two different formulations have been proposed 41-42. 

5.1.1 Tanaka Model 

This model is based on the assumption that the interfacial zone around NPs generally 

consists of three layers, with an overall thickness of several tens of nm, comparable to the 

NP diameter, and a fourth electric double layer which induces long distance interactions 

with other species. The latter is generated due to the charge transfer between the particle 

and polymer chains 43. This multi-layer core model is shown in Figure 2.4, and consists of 

the following layers. 
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Figure 2.4. Illustration of the multi-layer core model; a: Bonded layer; b: Bound layer which in this 
model is considered to contain deep traps; c: Loose layer characterized by a large free volume (low 
density) containing shallow conformational traps: several tens of nm thick; d: nanoparticle; e: inter-
particle distance; f: Debye shielding distance: a damping of the electric field due to the presence of 

mobile charge carriers; g: electrode exposed to the charging effect of nanoparticles; h: charge 
carrier injection by Schottky emission at high electric fields; i: charge tail effect of nanoparticles 

affecting carrier injection from electrode 41 

5.1.1.1 Bonded Layer 

The bonded layer is related to the transition layer directly bonded to the surface of 

the NPs. Any surface group present directly on the NPs’ surface or modifying agents used 

to treat the NPs are considered in this layer. Also in some cases, the bonded layer includes 

the polymer chains that are covalently bonded to the NPs 44-45. However, the latter is not 

always the case, particularly in case of non-conjugated polymers such as polypropylene. 

5.1.1.2 Bound Layer 

The bound layer is generally the interfacial region where polymer chains are strongly 

bound to the first layer, with a rather orderly morphological structure. The thickness of this 

layer is reported to be in the range of 2-9 nm 41, and is strongly dependent on the type of 

interactions between the filler and the polymer chains. Crystallinity and morphological 

properties of the nanodielectrics are immensely influenced by the interaction in the bound 

layer. 
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5.1.1.3 Loose Layer 

The third layer consists of a region where the chains are loosely bound to the second 

layer. The loose layer generally exhibits different chain conformation, mobility, free volume 

or crystallinity than the bulk polymer matrix 46. The high free volume and low density of this 

layer may induce conformational traps, mostly in the shallower energy levels 47. 

5.1.1.4 Electric Double Layer 

In addition to the layers introduced above, Tanaka argues that a charged region as a 

result of a Coulombic interaction is superimposed 41. Due to the differences between the 

Fermi levels of the particle and polymer, the nanoparticle surface has a surface charge: a 

2D interface called the Stern layer 48 (will be discussed later). Accordingly, charge may be 

injected from the NP to the polymer matrix depending on their electron affinity, their Fermi 

levels or electrochemical potential. If charge injection occurs, the distribution of charge 

would form a Gouy-Chapman diffuse layer, similar to the injection from the metallic 

electrode into the dielectric, explained in the beginning of this chapter 42. Since this region 

contains mobile charges, it has a significant effect on the dielectric and conductive 

properties of a nanodielectric. Any alteration of the charge mobility, or charge distribution 

on the surface of the NP will influence the properties of this layer. The diffuse layer overlaps 

the other three layers in the multi-core model, and is screened by a charged layer in the 

polymer phase. Triboelectricity of different types of materials reveals that polyolefins such 

as polyethylene (PE) and polypropylene (PP) tend to attract electrons and become 

negatively charged, whereas polymers like silicon rubber, polyamide and epoxy resin are 

expected to be positively charged 49-51. This is shown in Figure 2.4 as the positive and 

negative charge distribution around the NP and in the interface. 

5.1.2 Lewis Model 

This formulation was developed based on the electrochemical interactions between a 

metallic electrode and a liquid electrolyte 42. In his model, Lewis uses similar principles to 

that of a charged particle in an electrolyte. A surface charge layer, arising from the surface 

states of the particle, immobile charged impurities, trapped charges and mobile electrons 

and holes, forms the first layer in Lewis’s formulation. Assuming a particle with positive 
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surface charge, this situation would result in the polarization of the host material, the extent 

of which depends on the permittivity of the matrix. Also, this surface charge can be screened 

by ionic charge carriers in the polymer matrix. This may result in the formation of a second 

layer, i.e. Stern layer, adjacent to the NP surface (see Figure 2.5). The electrochemical 

potential will then drive counter-ions towards the NP surface and the co-ions away from it, 

resulting in the formation of a third layer: a diffuse layer. While the charges in the Stern 

layer are unlikely to be drifting under the electric field, the diffuse layer can contribute to 

conduction processes 52, and has a significant effect on the overall dielectric behavior of the 

nanodielectric. 

Lewis also mentions in his model the effect of active interfaces. He argues that the 

charged layer on the NP can constitute deep trap states, which together with the charged 

diffuse layer in the interface, can form a stable distribution of space charge or Maxwell-

Wagner polarizations 53. Furthermore, the concentration of charges in the diffuse layer is 

highly dependent on the induced potential between the particle and polymer 48. These 

charges are mostly mobile counter-ions (opposite to the surface charge of the particle), and 

can largely participate in conduction processes. This represents an active interface, where 

the system undergoes major reorganization under the applied electric field. One important 

implication of this argument, is that space charge formation and conduction processes can 

be effectively controlled by altering the electronic structure of the polymer as well as the 

particle surface. The latter is possible e.g. by surface functionalization and modification of 

the NPs. 

Based on the principles of the interface model, it can be postulated that apart from 

the structural and morphological aspects of the interface, the dielectric response of a 

nanodielectric is also affected by the electronic structure and surface states of the filler. 

Accordingly, tailoring these surface states can induce significant alterations in charge carrier 

mobility, space charge formation and conduction processes under electric fields. Another 

implication of the current model is that space charge accumulation near the electrodes, i.e. 

homocharge and heterocharge, depends largely on the injection rate, mobility and 

concentration of charge carriers at the interfaces located near the electrodes.  
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Figure 2.5. The diffuse electrical double layer induced by a charged particle in a polymer matrix 
containing mobile ions 16. 

In the following section, selected papers are discussed to cover different combinations 

of polymer/particle systems reported in the literature. The objective is to present 

comprehensive evidence to qualitatively support the principles of the interface model and 

the mechanistic aspect of nanodielectric phenomena. 

6 Historic Developments in Nanodielectric Materials 

One of the earliest studies of dielectric nanocomposites after the development of the 

interface model by Lewis and Tanaka, was the work of Nelson and Fothergill 45. In this study, 

nanocomposites based on epoxy resin as matrix and titanium dioxide (TiO2) NPs were 

subjected to dielectric measurements.  
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Figure 2.6. Real and imaginary relative permittivity of the unfilled polymer (base resin), compared to 
those of the micro- and nanocomposite samples at 393 K 45. 

By comparing the results with a microcomposite reference, they observed a 

suppression in the real and imaginary permittivity of the nanocomposite, particularly in the 

lower range of frequencies (see Figure 2.6). In general, variations in permittivity with 

respect to the frequency of the field is determined by the dipolar molecular relaxations of 

the polymer chains, filler or any other species in the system, as well as the interfacial 

polarizations (related to space charge relaxations), depending on the frequency range. The 

dipolar relaxations are mainly predominant at higher frequencies, whereas the interfacial 

polarizations can be characterized as low frequency phenomena (usually below 1 Hz) 19. 
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They concluded that the incorporation of NPs has substantial effects in reducing Maxwell-

Wagner interfacial polarizations related to the formation of space charge. 

Roy et al. 44 focused on micro- and nanocomposites of crosslinked polyethylene (XLPE) 

and silica. In some cases, the NPs were functionalized by three types of silane modifying 

agents: triethoxyvinylsilane (TES), aminoethyl-aminopropyl-trimethoxysilane (AEAPS), or 

hexamethyldisilazane (HMDS). The first silane can also form covalent bonds with the 

polymer chains, resulting in a strong polymer/filler interaction, while AEAPS and HMDS are 

rather covering agents only bonding with the filler. Thermally stimulated depolarization 

current (TSDC) is a useful technique to quantitatively analyze the charge trapping and 

transport phenomena in nanodielectrics, by monitoring the discharge current when a 

charged sample is thermally stimulated 54. This would result in a spectrum that is able to 

reveal all low-frequency motions in the material. The discharge current is, in fact, related to 

the release of charges accumulated at the interfaces. Therefore, peaks appearing above the 

glass transition temperature of the polymer can, in general, be attributed to the space 

charge relaxations. Accordingly, the temperature and the corresponding current of the peak 

can be correlated to the depth and density of charge traps in the material. Figure 2.7 shows 

the TSDC spectra for all the materials studied by Roy et al. Both the microcomposite and 

the untreated nanocomposite exhibit a peak at ~54 °C which is attributed to the 

depolarizations regarding amorphous–crystalline interfaces of the polymer 55. This peak is 

slightly shifted to lower temperatures for the treated samples. At higher temperatures, a 

significant rise is observed in the discharge current of the microcomposite, which is 

suppressed in case of the untreated and TES modified nanocomposites. This is indicative of 

the reduced space charge relaxations when incorporating NPs into the polymer. Grafting of 

the polymer to the filler does not have a significant effect in this case. AEAPS and HMDS 

modified samples show a rather different behavior. The space charge peaks at 91 °C can be 

attributed to the introduction of deep traps at the interfaces. This is likely due to the change 

in the surface charge of the NPs induced by the grafted functional groups. 
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Figure 2.7. Thermally stimulated depolarization current spectra for XLPE/silica composites 44. 

Modification of NPs with polar functional groups was studied by Dongling et al 56. They 

reported a higher dielectric breakdown strength and improved space charge distribution by 

introduction of amino functional groups to the surface of TiO2 nanoparticles incorporated 

in an LDPE matrix. They attributed this effect to the reduced acceleration of the electrons 

in the presence of polar amino groups, which made the dielectric less susceptible to 

breakdown 57. Siddabattuni et al. 58 investigated epoxy nanocomposites with TiO2 and 

BaTiO3 NPs, and observed that upon introduction of electron-withdrawing phenyl groups at 

the polymer/particle interface, the leakage current and dielectric loss was significantly 

reduced. This also led to an improvement of dielectric breakdown strength. 

As mentioned above, one general explanation for this kind of effect from polar 

functional groups on NPs can be the alterations of the electronic structure of the filler 

surface. In principle, it is possible to determine the electronic structure of a material using 

quantum mechanical calculations; more particularly, density functional theory (DFT) 33. This 

will be discussed in the next section. 
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7 Density Functional Theory (DFT) 

The principles of density functional theory (DFT) are rooted in the conventional wave 

function theory, where the electronic structure of matter is realized by the solvation of the 

Schrödinger equation 33. The Schrödinger equation is, in fact, the quantum counter-part of 

the second law of Newton in classical mechanics. The same way as Newton’s second law 

makes mathematical predictions as to what path a physical system takes over a period of 

time, Schrödinger’s equation gives the evolution of a wave function, the quantum 

mechanical characteristic of a physical system 59. It is generally recognized that a great deal 

of properties of matter are governed by its electronic structure, which in principle, can be 

realized by calculating the system’s many-nuclei, many electron wave function 60-61. 

Nevertheless, due to the fact that the wave function of a many-body system is a complicated 

object consisting of a large amount of information, exact analytical calculations become 

almost impossible 62. DFT provides a way to bypass this computational difficulty, by focusing 

on the electron density rather than the many-body wave functions 63. This is done firstly by 

using the Born-Oppenheimer approximation 64, through which the electronic and nuclear 

degrees of freedom are separated. The justification for this is that the electrons are much 

less massive than the nuclei but experience similar forces, and therefore, the electrons will 

respond almost instantaneously to the movement of the nuclei. Thus, the energy for a given 

nuclear configuration will be that of the ground state of the electrons in that configuration. 

Accordingly, given a chemical structure with a certain set of elements, DFT succeeds in 

predicting the thermodynamically stable, ground state structure of the material, under the 

given conditions such as pressure, temperature, electric field etc. DFT methods do not rely 

on any experimental input, which is why they are often referred to as first principle or ab 

initio methods 65. In most cases, the time-dependent interactions of nuclei and electrons 

are neglected, and focus would be on the time-independent Schrödinger’s equation. For an 

isolated n-electron atomic or molecular system, and considering the Born-Oppenheimer 

approximation, we can write the time-independent Schrödinger equation as 

𝐻𝐻�Ψ = 𝐸𝐸Ψ (Equation 2-5) 
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where E is the electronic energy, Ψ = Ψ(𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑛𝑛) is the wave function, and 𝐻𝐻� is 

the Hamiltonian operator, 

𝐻𝐻� = ��−
1
2
∇𝑚𝑚2� + �𝜈𝜈(𝑟𝑟𝑚𝑚) + �

1
𝑟𝑟𝑚𝑚𝑖𝑖

𝑛𝑛

𝑚𝑚<𝑖𝑖

𝑛𝑛

𝑚𝑚=1

𝑛𝑛

𝑚𝑚=1

 (Equation 2-6) 

in which, 

𝜈𝜈(𝑟𝑟𝑚𝑚) = −�
𝑍𝑍𝛼𝛼
𝑟𝑟𝑚𝑚𝛼𝛼𝛼𝛼

 (Equation 2-7) 

is the potential acting on electron 𝑖𝑖, from the nuclei 𝑍𝑍𝛼𝛼. 𝑥𝑥𝑚𝑚  are coordinates of electron 

𝑖𝑖, and consist of its space coordinates 𝑟𝑟𝑚𝑚  and spin coordinates 𝑐𝑐𝑚𝑚. ∇𝑚𝑚2= 𝜕𝜕2

𝜕𝜕𝑥𝑥𝑖𝑖
2 + 𝜕𝜕2

𝜕𝜕𝑦𝑦𝑖𝑖
2 + 𝜕𝜕2

𝜕𝜕𝑧𝑧𝑖𝑖
2 is the 

Laplacian operator. The length unit is considered the Bohr radius (𝑎𝑎0 = 0.5292 Å), the 

charge unit is the charge of an electron e, and the mass unit is the mass of the electron 𝑚𝑚𝑒𝑒. 

Equation 2-6 can be written more compactly as 

𝐻𝐻� =  𝑇𝑇� + 𝑉𝑉�𝑛𝑛𝑒𝑒 + 𝑉𝑉�𝑒𝑒𝑒𝑒  (Equation 2-8) 

where 

𝑇𝑇� = ��−
1
2
∇𝑚𝑚2�

𝑛𝑛

𝑚𝑚=1

 (Equation 2-9) 

is the kinetic energy operator, 

𝑉𝑉�𝑛𝑛𝑒𝑒 = �𝜈𝜈(𝑟𝑟𝑚𝑚)
𝑛𝑛

𝑚𝑚=1

 (Equation 2-10) 

is the electron-nucleus attraction energy operator, and 

𝑉𝑉�𝑒𝑒𝑒𝑒 = �
1
𝑟𝑟𝑚𝑚𝑖𝑖

𝑛𝑛

𝑚𝑚<𝑖𝑖

 (Equation 2-11) 
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is the electron-electron repulsion energy operator.  The total energy of the system, 

W, is then the sum of electronic energy E (from Equation 2-5) and 𝑉𝑉�𝑛𝑛𝑛𝑛 the nucleus-nucleus 

repulsion energy. 

𝑊𝑊 = 𝐸𝐸 + 𝑉𝑉�𝑛𝑛𝑛𝑛 

𝑉𝑉�𝑛𝑛𝑛𝑛 = �
𝑍𝑍𝛼𝛼𝑍𝑍𝛼𝛼𝛼𝛼
𝑅𝑅𝛼𝛼𝛼𝛼𝛼𝛼<𝛼𝛼

 

(Equation 2-12) 

(Equation 2-13) 

One can first solve Equation 2-5 to get E, and add 𝑉𝑉�𝑛𝑛𝑛𝑛 afterwards, or include 𝑉𝑉�𝑛𝑛𝑛𝑛 in the 

definition of 𝐻𝐻� and work with the Schrödinger equation in the form of 𝐻𝐻�Ψ = 𝑊𝑊Ψ 33. 

Let us denote the ground state wave function and energy of the system by Ψ0 and E0. 

When a system is in the state Ψ, whether or not it satisfies Equation 2-5, the average of 

many measurements of energy can be written as 

𝐸𝐸[Ψ] =
�Ψ�𝐻𝐻� �Ψ�
⟨Ψ|Ψ⟩

 (Equation 2-14) 

⟨Ψ|Ψ⟩ is a superposition of all possible wave functions, and �Ψ�𝐻𝐻� �Ψ� is the 

Hamiltonian operator acting on that superposition. Since each measurement of the energy 

will give one of the eigenvalues of 𝐻𝐻�, it immediately leads to 

𝐸𝐸[Ψ] ≥ E0 (Equation 2-15) 

The computed energy from a guessed wave function Ψ would be higher than the 

ground state energy E0. Therefore, minimization of the energy functional 𝐸𝐸[Ψ] with respect 

to all allowed wave functions will give the ground state Ψ0 and E0 as 

E0 = 𝑚𝑚𝑖𝑖𝑚𝑚Ψ 𝐸𝐸[Ψ] (Equation 2-16) 

The electrons of the system occupy the valence energy states with the last electrons 

at the highest occupied molecular orbital (HOMO). DFT also reveals the energy levels of 

unoccupied orbitals, of which the lowest unoccupied molecular orbital (LUMO) is often 

taken into consideration. 
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The first step towards this computational approach is the construction of an 

appropriate atomic or molecular model of interest. This can be done by means of several 

software, e.g. GaussView  which allows to define the chemical structure and the 

computational details to produce an input file for the calculation. This input file containing 

all required information (atoms, their coordinates, and the adopted computational 

methods) is then imported into another software (e.g. Gaussian 66) to perform the 

calculations. The atomic coordinates are then optimized by the minimization of the total 

energy of the system 𝐸𝐸[Ψ]. The calculated electronic energies also provide an estimate of 

the band gap, and when available, the energy levels of localized states or traps. 

As mentioned above, DFT uses simplifying assumptions to make the treatment of the 

many-body problem possible. Accordingly, it seems fair to question the accuracy of this 

method in describing the properties of the system. The strongest aspect of DFT is its ability 

to predict structural details of the model, typically within 1% error with respect to 

experimental data 67-69. DFT also predicts dielectric constants for insulators typically within 

5% of actual measurements 70-72. The most important drawback of DFT lies in its inability to 

predict band gaps of insulators and semiconductors, with the same accuracy as for other 

properties 16. DFT usually underestimates the band gaps with respect to experimental data, 

sometimes by 50% 73. Nevertheless, some techniques are available to handle this issue, 

which result in a satisfactory correlation 73-76. Therefore, with the currently available 

techniques, DFT is capable of predicting fundamental properties of the model with 

acceptable accuracy. 

 Application of DFT for Nanodielectrics 

The study of the properties of interfaces in nanodielectrics, in particular, the electronic 

structure at the interface, is possible using DFT methods. The electronic structure would 

contain information, for instance, about the location of valence and conduction band 

extrema and localized states (traps) which control the conduction processes and space 

charge formation phenomena. Furthermore, DFT allows for calculating the density of states 

(DOS) to provide quantitative information about the number of allowed energy levels within 

a given range 77-78. Figure 2.8 presents the density of states (DOS) calculated for a silica/PVDF 
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interface, where the filler and polymer are covalently bonded with a vinylsilanediol coupling 

agent 77. It can be observed that the DOS in the middle parts of silica and PVDF (marked 

with red lines) exhibit large uniform band gaps. However, in the region containing the 

coupling agent, the band extrema do not evolve smoothly. Two peaks appear (marked with 

circles): one at a lower energy level corresponding to an occupied defect state, and the 

other related to an unoccupied localized state. These peaks, located at the edges of the 

valence and conduction bands, demonstrate the presence of localized states for holes and 

electrons, respectively. These traps can potentially immobilize conducting electrons and 

holes, and reduce conduction processes and space charge formation in the nanodielectric. 

 

Figure 2.8. Above: Atomic model of SiO2/vinlysilanediol/PVDF interface; (Si: gold, C: yellow, O: red, 
H: green and F: blue). Below: Density of States for the SiO2/vinlysilanediol/PVDF interface 

(conduction band: blue, valence band: black). The zero of energy is related to the Fermi level. Lower 
and upper circled states represent occupied and unoccupied interfacial localized states, 

respectively 77. 
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Despite the important information DFT can give us regarding the electronic structure 

of the interface and its effect on the dielectric response of the material, little has been done 

in this area with respect to different combinations of filler, polymer and modifying agents. 

This approach can be utilized to find a link between the electronic structure of the interface, 

type of functional groups present at the interface and their ultimate influence on charge 

trapping and transport phenomena in nanodielectrics. Nevertheless, since these relations 

are highly dependent on the set of materials being investigated, more studies are required 

to develop our understanding of the peculiar phenomena taking place at the interfaces. 

8 Surface Modification of Nanoparticles 

In the previous sections, we mentioned the possibility to modify the surface chemistry 

of nanoparticles for tailoring their interfacial interactions with the polymeric matrix. In 

general, applications of nanoparticles in composite materials are based on their properties 

e.g. porosity, active surface area, hardness and rheological characteristics. Other specific 

requirements regarding the role of nanoparticles can be achieved through modification of 

their surface chemical structure. Surface modification can be defined as the “chemical 

bonding of molecules or molecule fragments to a surface in order to change its chemical or 

physical properties in a controlled way” 79. A nanoparticle requires seemingly paradoxical 

properties in order to be modified effectively: i) it needs to have a hydrophilic surface, yet 

remain insoluble in aqueous solutions; ii) it is required, in many cases, to be porous but 

remain mechanically stable; and iii) it must be chemically stable yet easily reactive in certain 

conditions 80. Silica satisfies all these requirements. Despite the disadvantages such as 

moisture absorption, silica is a well understood material, and therefore, a proper choice to 

be used for proof of concept. 

Organofunctional silanes tend to be among the best choices of materials to be used 

as the modifying agent for silica. Organofunctional silanes can potentially bond to the silica 

surface through several mechanisms, and have different types of interactions with the silica 

surface e.g. van der Waals forces or hydrogen bonding 81. 
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Modification of nanoparticles is conventionally performed in the liquid phase. Both 

aqueous (water, water/ethanol or water/acetone) and organic non-aqueous (e.g. toluene, 

hexane etc.) solvents can be used as the reaction medium 82-83. In general, liquid-phase 

modification methods often lack a systematic control over the morphology and thickness of 

the deposited layer. In the aqueous solvents, the silanes can undergo hydrolysis and 

condensation before deposition on the surface, and hence grow almost uncontrollably. The 

non-aqueous approach can offer limited control over the hydrolysis and the deposited film 

morphology by carefully adjusting the amount of water in the reaction. Nevertheless, the 

use of hazardous organic solvents can be challenging for large scale industrial modification 

of nanoparticles. Furthermore, liquid-phase modification methods often suffer from issues 

such as solvent recovery, long operation times, high costs and low efficiency 84. 

This is where atomic layer deposition (ALD) and its organic counterpart, molecular 

layer deposition (MLD) techniques enter the scene. ALD and MLD are gas-phase deposition 

methods that, by relying on gas-solid surface reactions, can potentially address the 

challenges that accompany conventional chemistry techniques, particularly regarding 

controllability and scalability 85. Both methods offer outstanding control over the amount 

of deposited material, down to the atomic scale, by relying on self-limiting surface reactions. 

The desired compound is synthesized on the substrate surface by the sequential dosing of 

two or more precursors into the reactor, with purging steps in between. The purge step, 

generally done by pulsing an inert gas into the reactor, is crucial to remove reaction by-

products or unreacted precursor molecules after each step, in order to maintain the self-

limiting fashion of the process. Repeating these steps in a cyclic manner, would result in the 

growth of the desired material on the surface with nanoscale precision 86. Theoretically, 

each cycle should result in the growth of a monolayer of the deposited material. In reality, 

however, a sub-monolayer is deposited per cycle due to a number of limitations such as 

steric hindrance of the precursor molecules, the surface density of the functional groups 

and competitive adsorption/desorption phenomena on the surface 87. Fluidized beds are 

the most effective type of the reactors utilized for functionalization of nanoparticles with 

ALD and MLD 88-89. In this case, the particles are suspended (‘fluidized’) in a column reactor 

by means of an inert gas flow (typically nitrogen), passing through a distributor plate. During 
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the process, the nitrogen flow will also carry the precursors into the reactor while keeping 

the powder fluidized. Figure 2.9 shows a schematic illustration of this setup.  

 

Figure 2.9. Schematic of the ALD/MLD setup with a fluidized bed reactor 

Using ALD and MLD methods, it is possible to deposit a wealth of materials on different 

surfaces. Metal oxides such as AL2O3, TiO2, CuO and HfO2 are among the most common 

materials that can be deposited via ALD, which find applications e.g. in the semiconductor 

technologies 90-91. MLD uses the same principles as ALD and deposits organic or hybrid 

organic/inorganic films. Polymeric thin films with several applications in optics, 

electroluminescent and photochromic materials can be grown on surfaces via MLD 92. 

Adamczyk et al. were the first to perform MLD on nanoparticles instead of flat substrates 
93. They reported successful deposition of poly (p-phenylene terephthalamide) (PPTA) thin 

films on silica nanoparticles. Liang et al. used fluidized bed MLD to grow alucone films on 

silica and titania nanoparticles 94. MLD has also been utilized to deposit conformal layers of 

polyurea from ethylene diamine (ED) and phenyl diisocyanate (PDIC) onto carbon 

nanotubes (CNTs) 95. 

Given the versatility and scalability of these methods, and their significant advantages 

over the conventional solvent-based methods, ALD and MLD can be promising tools to 

functionalize nanoparticles also for nanodielectric applications. Accordingly, ALD and MLD 

are great tools to tailor the surface chemistry of nanoparticles, and consequently, alter the 
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interfacial properties of the nanocomposites. By depositing proper compounds with certain 

functional groups, significant improvements can be bestowed upon the dielectric response 

of the material. This is a major part of the present thesis, and will be discussed in Chapters 

6 to 9. 

9 The Polymer of Choice 

As mentioned in the previous chapter, the appealing promise of polymeric 

nanodielectrics has attracted high voltage cable industries to incorporate these materials 

into their production, which is also the final goal of this project. The choice of the 

appropriate polymeric matrix, therefore, is of both technical and practical importance for 

large scale production of extruded cables: the polymer of choice has to exhibit superior 

dielectric performance, and it has to be abundantly produced by material suppliers. Low 

density polyethylene (LDPE) has been used as the insulation system for high voltage 

alternating current (HVAC) cables for about five decades, due to its excellent electrical 

properties, flexibility, and low processing costs 96-97. However, LDPE is not a suitable choice 

for large capacity high voltage direct current (HVDC) cables, since its operating temperature 

is limited to 70 °C 98. Using radical reactions with organic peroxides e.g. dicumyl peroxide 

(DCP), LDPE can be turned into crosslinked polyethylene (XLPE) to achieve higher 

operational temperatures of about 90 °C 99. Owing to its promising dielectric performance, 

high operating voltage and temperature and low dielectric loss, XLPE has been the major 

choice for extruded HVDC cable insulation systems, and is being used in the existing grids 
100-101. The downside to this material is that the crosslinking byproducts such as phenol, 

cumyl alcohol, acetophenone and α-methyl styrene may diminish the electrical properties 

and lead to space charge accumulation 102. Furthermore, due to the thermosetting nature 

of this polymer, XLPE cables cannot be recycled using conventional methods 103-104. As a 

result, special attention is paid to thermoplastic and thus recyclable polymers such as 

polypropylene (PP) and ethylene-propylene rubber (EPM). EPM, on the one hand, can 

exhibit superior properties compared to XLPE, however, it is generally expensive and its 

application in large scales would be limited 105. PP, on the other hand, has shown immense 

potential to become the next generation of HVDC insulation material; it is cheap and 
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abundantly produced, is easy to process, shows very good electrical properties, and last but 

not least, it is recyclable 106-107. Despite its immense promise for a high performance and 

environmentally friendly HVDC cable insulation, PP suffers from poor mechanical 

properties. Several studies have been done focusing on improving the mechanical 

properties of PP, and it was realized that the most effective way to so is to blend it with 

thermoplastic elastomers such as ethylene-propylene-diene rubber (EPDM), styrene-

ethylene-butylene-styrene (SEBS) and ethylene-octene copolymer (EOC) 106, 108-109. This way, 

it is possible to achieve a polymeric material to equip HVDC grids with long-lasting 

environmentally friendly cables. Green et. al 110 reported improved electrical properties 

when using an isotactic PP/EPC blend as the polymeric matrix, and argued that the optimal 

properties occur when the copolymer contains 9 mol% of ethylene and equal quantities of 

each component are incorporated into the blend. Zhou and coworkers 106 studied the 

potential of PP/EOC blends for HVDC cable application. Their findings pointed out that these 

blends have an enhanced flexibility (compared to pure PP), high volume resistivity and high 

breakdown strength; nevertheless, they exhibited space charge accumulation. The issue of 

space charge accumulation in PP/EOC blends was later on addressed by Diao et. al 111, by 

the introduction of silica nanoparticles. They envisaged that the space charge behavior in 

PP/EOC blends can be further improved by tailoring the surface properties of the 

nanoparticles via chemical modification. Given the wide range of possible modifications for 

the nanoparticle surface, a systematic study is necessary to further enhance the electrical 

properties of these blends. In this work, a PP/EOC blend is chosen as the polymeric matrix 

for the dielectric nanocomposites. To be able to solely investigate the effect of nanoparticle 

surface properties on the dielectric performance of the nanocomposites, this polymer of 

choice is kept constant in all investigations within this thesis. 
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Abstract1 

The effect of filler surface functionalization with 3-aminopropyltriethoxysilane 

(APTES) on the charge trapping and transport was studied in  polypropylene (PP)/(ethylene-

octene) copolymer (EOC)/silica nanodielectrics. Different reaction conditions were utilized 

for silica functionalization to alter the deposited layer morphology. This approach made it 

possible to engineer the filler-polymer interface to achieve optimized dielectric properties 

for the nanocomposites. The successful chemical modification of the silica surface was 

confirmed via Thermogravimetric Analysis (TGA), Fourier Transform Infrared Spectroscopy 

(FTIR) and X-Ray Photoelectron Spectroscopy (XPS). Subsequently, the effect of the 

engineered filler-polymer interface on the nanocomposites’ crystallinity was analyzed with 

Differential Scanning Calorimetry (DSC). Scanning Electron Microscopy (SEM) was utilized 

to observe the morphology of the nanocomposite as well as the silica dispersion. Finally, 

the effect of the silica functionalization on the  dielectric properties of PP/EOC/silica 

nanocomposites was tested via Thermally Stimulated Depolarization Current (TSDC) and 

Broadband Dielectric Spectroscopy (BDS). The results suggested that the presence of the 

amine functionality on the silica reduces interfacial losses in nanocomposites, and hinders 

further injection of space charge by introducing deep trap states at the filler-polymer 

interface. Under certain conditions, APTES can form an “island-like” morphology on the 

silica surface. These islands can facilitate nucleation, inducing transcrystallization at the 

filler-polymer interface. The “island-like” structures present on the silica would further 

contribute to the induction of deep traps at the filler-polymer interface resulting in 

reduction of space charge injection. 

 

                                                                 
1 The results of this chapter are published in ACS Applied Polymer Materials, 2, 8, pp. 3148–3160, 
2020, (https://doi.org/10.1021/acsapm.0c00349) 
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1 Introduction 

Incorporation of nanoparticles (NPs) in dielectric materials to enhance their insulating 

properties has been studied extensively in the recent years 1-4. Nanocomposites (NCs) 

containing various fillers including semiconducting (ZnO 5 and TiO2 6) and insulating 

particles (MgO 7, SiO2 8), have been reported in literature, exhibiting substantial 

enhancements in e.g. dielectric strength and endurance under high voltages 9. These 

improvements can be due to numerous phenomena, mainly stemming from the large 

interfacial area introduced by nanofillers incorporated into the polymeric matrix 10 as well 

as the alteration of the polymer/filler interface properties 9. The later can be controlled by 

changing the type and surface chemistry of the NPs. Due to the polar surface of the above 

mentioned NPs, these are prone to adsorb moisture and other polar species (e.g. by-

products of production and surface treatment), which can be detrimental to the dielectric 

properties 11-12. In this regard, NPs such as fumed silica are more favorable due to their low 

moisture and high purity. Moreover, it has been shown that silica filled NCs exhibit high 

electron-phonon interaction at their interface with the surrounding polymer chains 13, 

which is another reason to favor fumed silica over other available NPs. In order to improve 

their dispersion and tailor the filler-polymer interfacial properties, the filler surface can be 

modified with certain functional groups. This can influence nucleation and crystallinity 14, 

mobility of species 15 and entanglement density in the interfacial region 16-17. Consequently, 

changes in the NPs’ surface properties can lead to improvements of the dielectric properties 

of the NCs 18.  

Functionalization of NPs can improve the dielectric properties of the NCs by enhancing 

the filler dispersion in the polymeric matrix: in case of a DC field, due to the differences in 

electrical conductivity of the composite’s components, the electric field tends to bend 

towards the particles leading to local electric field concentration. Furthermore, due to the 

polarization of interfaces, an additional long-range attractive force will be imposed on the 

charge carriers and draws them to the NPs 19. So, in fact, NPs act as electrical defect centers 

in polymer nanodielectrics 20. The extent of this local field concentration, however, is not 

only a factor of the difference in permittivity (in case of AC fields) or 
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conductivity (in case of DC) between the particles and the polymer matrix, but also of the 

particle size, their aggregation and agglomeration 1. Improving the dispersion of the 

nanofillers can lead to improvement of the dielectric breakdown strength. However, filler 

dispersion is difficult to control and tends to vary significantly as it is affected by several 

factors e.g. surface energy of the filler, polymer melt viscosity and processing conditions 21-

22. 

  Another phenomenon through which surface modification of the NPs can affect the 

dielectric properties of the NCs, is alteration of the electron-phonon interactions at the 

filler-polymer interface . This can be achieved e.g. by the introduction of polar functional 

groups at the interface 23-24. Siddabattuni et al. 25 investigated NCs based on epoxy resin, 

TiO2 and BaTiO3 NPs, and observed that upon introduction of electron-withdrawing phenyl 

groups at the polymer-particle interface, the leakage current and dielectric loss was 

significantly reduced. This also led to an improvement in dielectric breakdown strength. 

Huang et al. 2 noticed that the amount of space charges in LLDPE/silica nanodielectrics was 

decreased by the attachment of dimethyldichlorosilane to the surface of the silica NPs. 

Dongling et al. 26 reported a much higher dielectric breakdown strength and improved space 

charge distribution by introduction of amine functional groups to the surface of TiO2 NPs 

incorporated in an LDPE matrix. Furthermore, the density of the trap states, and as a result, 

the space charge distribution can be altered upon grafting species with polar functional 

groups onto the NP surface, influencing the mobility of charges by introduction of shallow 

trap sites 27 or reducing the number of deep trapped charges 1 in the filler-polymer 

interaction zones. Yamano et al. 28 found that the addition of 5×10-6 mol g-1 of an 

azocompound increased the breakdown strength of LDPE by about 200 MV m-1 at 

temperatures lower than 30 °C. They attributed this increase to either the trapping or the 

excitation effect of the azocompounds, which acted as electric dipoles. Accordingly, it can 

be hypothesized that attaching a polar functionality to the surface of the NPs can induce 

this sort of electronic behavior, as the dipoles at the particle-polymer interface may affect 

charge carrier transport and trapping 4. Recent studies have shown that the localized states 

(traps) in polymer dielectrics have substantial effects on the charge transport under a high 
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field, and can be closely addressed to the macroscopic dielectric properties including charge 

injection, space charge distribution, and mobility of charge carriers 29-30. Therefore, it is 

expected that adding certain polar chemical functionalities to the polymer-filler interface 

will introduce new electronic states and alter the spatial and energy distribution of the 

localized states in the system, which may account for the changes in dielectric properties of 

nanofilled dielectrics. 

  Space charge behavior in an insulating polymer is also closely related to carrier traps 

located at the interfaces that are induced as a result of crystallization in semi-crystalline 

polymers 31. The morphology of these interfaces would significantly affect trap density, trap 

depth distribution, and charge carrier mobility32. Therefore, by engineering the crystallinity 

of a nanodielectric, it is possible to control the aforementioned properties. A promising way 

to control crystallinity in a polymer NC is through engineering the surface properties of the 

NPs. Grafting polymers or silane modifying agents onto the silica surface has been proven 

to effectively improve its nucleating ability which results in higher spherulite density within 

the NC 33-34. This could have beneficial influences on the amount and distribution of the 

space charges. 

The morphological changes in NCs can also be a result of polymer blending which has 

recently become especially relevant for new polypropylene (PP)-based HVDC cable 

insulation materials for improving certain mechanical properties. While PP has shown 

promising dielectric performance, its inherent rigidity, especially at low temperatures, 

hinders its utilization for this application 35-36. This necessitates blending PP with another 

polymer with more suitable mechanical properties such as polyolefin elastomers. In regards 

to NC systems with a polymer blend as the matrix, studying the crystallinity and morphology 

effects is of great importance, especially when the NPs have been subjected to surface 

modification. 

In this study, silica NPs were modified with 3-aminopropyltriethoxysilane (APTES), a 

polar modifying agent, and compounded with PP/EOC polymer blends. The aim of surface 

modification was twofold: On the one hand, it is speculated that the amine functional group 

in APTES is prone to alter the interactions and electronic features at the silica-polymer 
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interface. As a consequence, trapping properties of the interface undergoes meaningful 

changes, which might induce beneficial influences on the bulk insulation characteristics of 

the NC materials. On the other hand, by engineering the nanofiller surfaces, their nucleating 

ability and hence the crystallinity of the nanodielectric can be controlled. This way, an 

optimized modification reaction to control the trap states and the space charge phenomena 

could be developed. Firstly, the silica modification is evaluated using Thermogravimetry 

Analysis (TGA), Fourier Transform Infrared (FTIR) Spectroscopy, X-ray Photoelectron 

Spectroscopy (XPS) and Transmission Electron Microscopy (TEM). Subsequently, the 

influence of silica modification on the dielectric response of the material is investigated with 

Broadband Dielectric Spectroscopy (BDS).  Charge trapping properties of the 

aforementioned NCs are also studied via Thermally Stimulated Depolarization Current 

(TSDC) measurements. Since the charge trapping behavior can be significantly influenced 

by the  crystalline structure, Differential Scanning Calorimetry (DSC) was performed to study 

the crystalline structure in detail. 

2 Experimental Section 

 Silica Modification 

A high purity, low moisture content fumed silica grade, AEROSIL 200 (Evonik 

Industries, Germany) was used as the filler for this study. The silica functionalization was 

carried out in liquid phase (toluene, BOOM Chemicals, NL, 99%) using 3-

aminopropyltriethoxysilane (APTES) as the modifying agent (Sigma Aldrich, 99%). The 

reaction took place in a glass round bottom flask immersed in an oil heating bath and 

equipped with a mechanical stirrer, cooler and thermometer. The reaction conditions were 

varied in order to control the amount and morphology of the grafted silane on the silica. 

Temperature, time and the amount of added water were chosen as the most effective 

parameters. Reactions were carried out at 20°C and 80°C, for 1 or 24 hours, with and 

without a stoichiometric amount of water for hydrolysis of the silane. The APTES content in 

the solution was calculated as twice the amount needed for covering the silica with a mono-

layer. The details of the modification reactions are depicted in Table 3.1. In general, 

anhydrous systems with only a trace of water and low silane concentrations are desirable 
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for the preparation of smooth APTES-derived silane layers 37. Silica, silane and additional 

water were mixed with toluene as the medium of the reaction. The purity of the toluene 

was 98%, and it was used without further purification. With water present in the reaction, 

hydrolysis and subsequently condensation of APTES is very likely. Therefore, different 

APTES film morphologies can be expected, depending on whether or not water is involved 

in the reaction. Figure 3.1 represents the APTES hydrolysis and its grafting onto the silica 

surface with and without condensation. 
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Figure 3.1. a: Hydrolysis and reaction of APTES with silica, b: with and c: without condensation 
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Table 3.1. Reaction conditions utilized for modification of the silica NPs 

 Preparation of the Nanocomposites 

NCs based on polypropylene (PP, 3 w% ethylene)/ethylene-octene copolymer (EOC, 

17 w% octene) blends filled with functionalized silica NPs were prepared by adding 1 w% of 

the silica as well as 0.3 w% of an antioxidant package to the polymer matrix in a twin-screw 

micro extruder (Haake MiniLab Rheomix CTW5, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) at 230 °C and 100 rpm, and subsequent injection of the molten 

compound into a square mold at 60 °C using a Haake MiniJet Pro Piston Injection Moulding 

System (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The mold dimensions 

were 26x26x0.5 mm. The nanocomposite samples were numbered according to the silica 

sample incorporated. For instance, NC_1 nanocomposite is filled with silica sample 

number 1. 

  Silica Characterization 

  Thermogravimetric Analysis (TGA) was utilized to quantify the level of modification. 

The silica samples were heated from room temperature to 850 °C in air atmosphere with a 

 

Sample 

Number 

Temperature 

(°C) 

Time 

(hours) 

Added 

Water 

(grams) 

0 Untreated Silica 

W/o 

Water 

1 20 1 0 

2 80 1 0 

3 20 24 0 

4 80 24 0 

W/ 

Water 

5 20 1 1.8 

6 80 1 1.8 

7 20 24 1.8 

8 80 24 1.8 
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rate of 20 °C/min while the mass loss of the sample being measured. The mass loss between 

300–850 °C can be attributed to thermal decomposition of APTES chemically attached to 

the silica surface 38. Fourier transform infrared (FTIR) spectroscopy was utilized in diffuse 

reflectance mode using a Perkin Elmer Spectrum 100 with a diffuse reflectance accessory. 

The samples were prepared using potassium bromide (KBr; 99+%, FTIR grade, Harrick 

Scientific Corporation) as background. Spectra were recorded from 4000-400 cm-1 and 

averaged over 128 scans, using a resolution of 4.0 cm-1. All the tests were performed at 

room temperature. X-ray Photoelectron Spectroscopy (XPS) was conducted by means of a 

PHI Quantera Scanning X-ray Microscope (USA). This method is based on irradiating a 

material with a beam of X-rays, while simultaneously measuring the kinetic energy and 

number of electrons that escape from the surface (up to 10 nm in depth) of the material 

being analyzed. This way, it is possible to determine the atomic composition of the 

deposited film on the silica. Transmission Electron Microscopy (TEM) including Energy-

Filtering mode (EFTEM) was done on the modified silica NPs, using a Philips CM300ST-FEG 

Transmission Electron Microscope in order to take a closer look at the modified silica 

surface. 

 Thermally Stimulated Depolarization Current (TSDC) 

  Thermally Stimulated Depolarization Current (TSDC) was utilized to analyze the 

charge trapping and transport phenomena and space charge formation in the NCs under a 

direct current (DC) field. The samples were prepared by depositing circular gold (Au) 

electrodes (100 nm in thickness) on both sides of each NC specimen by e-beam evaporation 

under high vacuum. Subsequently, the samples were short circuited and kept in a vacuum 

desiccator overnight prior to the measurements to remove any stored charge during 

evaporation. The TSDC tests were performed by rapidly heating up the NCs to the poling 

temperature of 70 °C, and then a 3 kV/mm DC electric field was applied for 20 minutes 

under isothermal conditions. After the polarization step, the samples were cooled down to 

-50 °C while the electric field was still on. This would force the polarized species and injected 

charges to remain in the specimen. The samples were then short-circuited and linearly 
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heated up to 140 °C at 3 °C/min, while the depolarization current being measured by an 

electrometer 6517B (Keithley Instruments, USA). 

 Broadband Dielectric Spectroscopy (BDS) 

The real and imaginary parts of complex permittivity (as in Equation 3-1) were 

measured after the TSDC test, using a Novocontrol Alpha-A dielectric analyzer (Germany) 

within the frequency range of 10-2-106 Hz and under an applied voltage of 1 V. All the 

measurements were conducted at room temperature. 

𝜀𝜀𝑟𝑟∗ = 𝜀𝜀𝑟𝑟′ + 𝑖𝑖𝜀𝜀𝑟𝑟′′ (Equation 3-1) 

 Morphology and Crystallinity Analysis 

Scanning Electron Microscopy (SEM) was performed on the nanodielectric composites 

by means of a Zeiss MERLIN HR-SEM (Germany) to study the filler dispersion and polymer 

blend morphology. The silica size distribution was analyzed using open-source ImageJ 

software with Trainable Weka Segmentation plugin 39. Differential Scanning Calorimetry 

(DSC) was performed by means of a Netzsch DSC 214 Polyma. Specimens were subjected to 

two heating/cooling cycles from -50°C to 200°C. The rate of heating/cooling was set at 

3 °C/min, to be comparable to the heating rate in TSDC measurements. Degree of 

crystallization was calculated using the enthalpy of melting for the 100% crystalline PP/EOC 

blend, 249 J/g. This value was calculated using the 100 % crystalline enthalpy of melting for 

each component and implementing the law of mixtures. 

3 Results and Discussion 

 Characterization of Nanoparticles 

The TGA graphs depicted in Figures 3.2a and 3.2c show a higher mass loss for the 

modified silica samples compared to the unmodified sample, indicating the successful 

treatment of the silica surface. In order to compare the amount of grafted silane for 

different samples, the TGA mass loss data was normalized against the value at 300 °C 

(Figures 3.2b and 3.2d). The mass loss below 300 °C is related to the removal of non-

chemically bonded compounds and volatiles. On the one hand, it can be seen that the mass 
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loss ranges between 3.2 % to 4.2 % when the reaction takes place with no additional water 

in the system. This indicates that the silanization reaction can take place even in the absence 

of excess water 40  because of the self-catalyzing nature of APTES due to hydrogen bond 

interactions of the amine moiety with the silanol groups on silica surface 41.  It also seems, 

in this case, that the grafting of the APTES is not significantly affected by change in reaction 

time or temperature. In the presence of excess water, on the other hand, a higher value of 

weight loss, 6.4 %, is achieved for the samples modified for 24 hours (compared to 1 h). 

However, with the reaction time kept constant, no difference is observed in the values of 

mass loss upon increasing the temperature. The values of silane grafting density in mmol/g 

silica, presented in Figure 3.3, can better demonstrate this observation.  These values were 

calculated based on the TGA results, using Equation 3-2: 

𝐴𝐴𝑃𝑃𝑇𝑇𝐸𝐸𝐴𝐴 𝐺𝐺𝑟𝑟𝑎𝑎𝐺𝐺𝑡𝑡𝑖𝑖𝑚𝑚𝐺𝐺 𝐷𝐷𝜋𝜋𝑚𝑚𝑐𝑐𝑖𝑖𝑡𝑡𝐷𝐷 (
𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚
𝐺𝐺 𝑐𝑐𝑖𝑖𝑚𝑚𝑖𝑖𝑐𝑐𝑎𝑎

) =
∆𝑊𝑊 × 1000

𝑀𝑀𝑤𝑤 × (100 − ∆𝑊𝑊)
 (Equation 3-2) 

Where ∆𝑊𝑊 is the mass loss between 300-850 °C and 𝑀𝑀𝑤𝑤 is the molecular weight of 

APTES, 221.37 g/mol. 
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Figure 3.2. a, c: TGA graphs for the modified silica samples compared to the untreated silica; b, d: 
TGA mass loss normalized to the mass loss at 300°C 
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Figure 3.3. Values of silane grafting density for different modified silica samples 

FTIR spectra of the modified silica NPs also confirm the chemical attachment of the 

APTES to the silica surface. The spectra for all the studied samples are presented in 

Figure 3.4. The bands at 3300 cm-1, 2850 cm-1 and 1600 cm-1 are corresponding to N-H 

stretching, C-H stretching and N-H bending, respectively. This proves the presence of 

chemically bonded APTES on the silica surface. The sharp band at 3700 cm-1 (isolated –OH) 

and the broad band at 3500 cm-1 representing the free and intermolecular hydroxyl groups 

almost completely vanished upon modification. This significant difference can indicate that 

the surface of the modified silica is less hydrophilic and well covered by the chemically 

attached silane modifying agent. 
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Figure 3.4. FTIR spectra of the untreated and treated silica samples 

The XPS spectra of Sample 8 is presented in Figure 3.5a along with the spectra from 

the untreated silica for comparison. The emergence of the peaks corresponding to C1s and 

N1s in Sample 8 confirms the presence of APTES on silica surface. The small C1s peak in the 

reference sample is present due to contaminations or traces of carbon dioxide in the 

equipment chamber. Elemental fine scans in Figure 3.5b indicate the atomic environment 
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and are dependent on the chemical bonds in the film. As expected, the N1s fine scan reveals 

that there are two peaks at 398.2 eV and 401.3 eV, indicative of nitrogen bonded with 

carbon and hydrogen, respectively. The C1s scan also exhibits two peaks at 284.8 eV and 

286.0 eV. These peaks represent two types of carbon bonds in the APTES film, namely C-C 

and C-N. Therefore, the XPS data also confirm successful deposition of chemically bonded 

APTES on silica NPs. 

a. 

b. 

Figure 3.5. a: XPS full spectra of the modified and unmodified silica samples; b: N1s and C1s fine 
scans of silica Sample 8. 
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Energy-filtered transmission electron microscopy (EFTEM) was performed on the silica 

samples to analyze the silica surface structure after modification via elemental mapping. 

Carbon mapping of the modified silica in Figure 3.6 shows the APTES propyl chain 

distributed along the surface, and is indicative of the spatial distribution of the modification 

layer over the silica cluster. 

 
Figure 3.6. EFTEM carbon mapping for silica Samples 7 and 8 

 Characterization of PP/EOC/Silica Nanocomposites 

Treating the silica with APTES can result in less hydrophilic NPs. So, varying the grafting 

density of APTES can affect the silica dispersion in the polymer matrix. Therefore, filler 

dispersion in the nanocomposites with low (NC_1 and NC_2) and high (NC_7 and NC_8) 

levels of APTES grafting density was compared to NC_0 (with unmodified silica) using SEM. 

The corresponding images are depicted in Figure 3.7. It is observed that the polymer matrix 

exhibits a well distributed two phase morphology: a well dispersed sea-island structure with 

EOC elongated in the direction of the flow. This sort of structure is usually observed in 

immiscible injection molded polymer blends. When the molten material enters the cavity 

in a parabolic profile, the material in the front, undergoing considerable stretching, is 

deposited on the wall as an immobile frozen layer. Subsequently, as the rest of the molten 

material flows through this envelope, the dispersed phase is elongated in the direction of 

the flow 42-43. Despite the immiscibility, the blends of PP with ethylene-based copolymers 

have been shown to have superior dielectric breakdown strength compared to the each 

base material 44. Therefore, the phase separated morphology in our studied 
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nanocomposites is presumed to have no deteriorating effect on the dielectric properties of 

the system. The dispersion histograms in Figure 3.7 also shows that the mean silica cluster 

size reduces from ca. 300 nm to 120 nm upon modification of the NPs. This indicates that 

modifying the silica with APTES, results in relatively better dispersion of the NPs. Moreover, 

to the extent SEM can detect, different grafting densities do not significantly influence the 

dispersion quality of the silica. This can be a side effect of the polarity of the silane modifying 

agent. The silica clusters are well distributed throughout the matrix, mostly located in the 

PP phase. This phenomenon is also detected in the DSC results which will be discussed in 

the following sections. 
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Figure 3.7. SEM images of nanocomposites with untreated silica (NC_0), low (NC_1 and NC_2) and 
high (NC_7 and NC_8) APTES grafting densities (top). Silica cluster size distribution histograms 
(bottom). A wide range of particle sizes are observed for NC_0 (mean: 297.7 nm), whereas the 

modified samples exhibit a narrow distribution (mean: 115 nm). 

Dielectric properties in nanocomposite insulating materials are highly influenced by 

the dynamics of interfacial interactions in the system. These interactions can affect 

measurable macroscopic properties such as permittivity and dielectric loss. Therefore, BDS 

was applied to study the underlying physics of the dielectric phenomena in our studied 

nanocomposites. Dielectric spectroscopy results are depicted in Figure 3.8 (a,b and c), 

where real (εrʹ) and imaginary (εrʺ) parts of the complex permittivity as well as the loss 

tangent (tanδ) are plotted against the frequencies of the applied field. Also, in order to 

further realize the relaxation processes in the nanocomposites, a Cole-Cole plot is presented 

in Figure 3.8d. In general, the variations in εrʹ, εrʺ and tanδ with respect to the frequency 

are determined by the dipolar molecular relaxations of the polymer chains, filler or any 

other species in the system, as well as the interfacial polarizations (related to space charge 
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relaxations), depending on the frequency range. The dipolar relaxations are mainly 

predominant at higher frequencies, whereas the interfacial polarizations can be 

characterized in the low frequency range (usually below 1 Hz). Therefore, a broad range of 

frequencies, 10-2-106 Hz, was applied for the permittivity measurements. 

In Figure 3.8a, it is observed that the introduction of untreated silica (NC_0) increases 

the permittivity at frequencies higher than 1 Hz compared to the unfilled polymer (UP). This 

can be a result of the adsorbed moisture on the silica, hydrogen bonded to the silanol 

groups. A low grafting density of APTES decreases this effect, resulting in a lower 

permittivity for NC_2 compared to NC_0. However, increasing the APTES grafting density 

(NC_7) leads to permittivity values even higher than the nanocomposite with unmodified 

silica. This is due to the presence of the grafted APTES oligomers on the silica, contributing 

to the dipolar relaxations of the material. A frequency dependent behavior is observed in 

the real permittivity characteristics, manifested as a steep increase at low frequencies. This 

increase can be either due to polarization of relatively bigger dipolar species (e.g. 

contaminations, by-products of filler modification etc.), or occurrence of Maxwell-Wagner 

or space charge polarizations 45. Another indicator of space charge polarizations, in addition 

to the steep increase in εrʹ , is the emergence of relaxation peaks in εrʺ and tanδ 

characteristics of the material 13. Since these measurements were done at room 

temperature, no distinct relaxation peak is observed in εrʺ or tanδ (Figures 8b and 8c), as 

they would be likely to appear at frequencies lower than the measurement range. 

Nevertheless, an enhancement is observed in the imaginary permittivity and the loss factor 

at low frequencies. These combined trends of εrʹ, εrʺ and tanδ, suggest that there can be an 

effect of DC conductivity and the occurrence of space charge polarization in the studied 

systems. Interestingly, the slope of these enhancements at low frequencies, tends to be 

lower for the nanocomposites compared to the base polymer. The enhancement slope in 

εrʹ, εrʺ and tanδ for the nanocomposites tends to decrease further by increasing the APTES 

grafting density, to the point where only a marginal increase is observed in case of NC_7 

with high grafting density. This suggests that the addition of NPs and the introduction of the 

amine functionality result in either a reduction in the mobility of free polar species in the 

matrix and/or a suppression in the interfacial polarizations in the nanocomposites. The 
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same trend can also be observed in the Cole-Cole plot presented in Figure 3.8d. The 

lowering of the slope in the low frequency region, in case of the nanocomposites, can be an 

indication of a lower contribution of DC conductivity in these systems 46, which is more 

pronounced in case of nanocomposites with APTES modified silica. 

Figure 3.8. a, b, and c: real and imaginary parts of permittivity as well as the loss tangent (tanδ) 
plotted with respect to the frequencies; d: representative Cole-Cole plots for the studied dielectric 

systems 

Figures 3.9a and 3.9b present the TSDC plots for the silica filled NCs as well as of the 

unfilled polymer (UP) as a reference along with trap level/density distribution calculated 

using a numerical method presented by Tian et al. 47. 
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a. 

b. 
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Figure 3.9. a, b: TSDC spectra and MTSDC trap level distribution of injection molded PP/EOC/silica 
nanocomposites as well as the unfilled reference (UP); c: Isothermal charging current density during 

the polarization phase 

Principally, the TSDC spectra represent the relaxation of the polarized species as well 

as the accumulated space charge as a result of the electric field. The peaks emerging at 

temperatures above the glass transition of the semi-crystalline polymers are mainly 

attributable to the relaxation of the space charge trapped at the interfaces. Upon 

softening/melting transitions, the trapped charges can be stimulated, and as a result, a peak 

appears in the current measured by the ammeter. To a first approximation, the temperature 

and intensity of a TSDC peak can be associated with the depth and density of charge traps, 

respectively. 

The spectra depicted in Figure 3.9 (a and b) indicate that by incorporating the treated 

silica, the TSDC behavior becomes more complex. It is observed that the main TSDC peak 

shifts towards higher temperatures, indicating that the trap level becomes deeper. In 

general, in case of samples with the amine functionality on the silica surface, another TSDC 

peak emerges around 93–97 °C, being indicative of induction of a new deep trap, while a 

small shoulder is observed around the same temperature (~78 °C) as the main TSDC peaks 

of the reference samples (UP and NC_0). Comparing NC_2 and NC_7 with the lowest and 

the highest APTES grafting density on silica, respectively, it can be observed that in case of 

NC_7, the peak temperature of the TSDC peak is shifted to higher temperatures (deeper 

c. 
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trap level). This can result in a lower charge mobility in the composites. Moreover, the 

intensity of the TSDC peak is seen to vary significantly depending on the APTES grafting 

density, with some of the samples exhibiting reduction in the main TSDC peak intensity; this 

may be due to (i) the density of the trap states being reduced or (ii) the space charge 

distribution becoming more uniform in the nanocomposites. Figure 3.9c presents the 

charging current behavior during the isothermal poling phase for high and low grafting 

density samples, compared to the references. While it is clear that the polarization step was 

too short to reach steady-state DC conduction in the reference samples, the transient 

current densities demonstrate significant differences between the samples. The 

nanocomposites containing modified NPs show significantly lower current densities, and 

hence lower apparent conductivity at the end of the poling phase (1.26 ×10-12 S/m, 8 ×10-

13 S/m, 6.2 ×10-13 S/m and 3.9 ×10-13 S/m for UP, NC_0, NC_2 and NC_7, respectively). 

Accordingly, as it was also suggested by the BDS results, a lower effect of DC conductivity 

can be another reason for the reduction of the main TSDC peak intensity for the modified 

samples. 

It seems that the apparent depth and density of the traps are not solely influenced by 

the amount of APTES on the silica surface. This is firstly observed in the samples NC_1 – 

NC_4, which contain silica particles with more or less similar APTES grafting densities. The 

suppressed TSDC peak for NC_3 and NC_4 can be due to the longer silica modification time, 

during which condensation of the APTES species is more susceptible. NC_7 and NC_8 also 

behave differently in terms of TSDC, even though they contain silica samples with similar 

APTES grafting densities. In case of NC_7, the deep trap TSDC peak intensity is lower 

compared to NC_8. The same can be observed for samples NC_5 and NC_6. What differs in 

the above mentioned samples is the time and the temperature of the modification reaction, 

which affects the morphology and conformity of the deposited APTES layer. A possible 

explanation for this is that the depth and density of the traps are not only a function of the 

thickness of the silane layer, but also of its morphology. On the one hand, differences in the 

deposited APTES layer morphology can solely affect the trap depth and density. On the 

other hand, changes in the filler surface morphology can affect physical properties of the 

compounds e.g. crystallization, which can further affect charge trapping behavior of the 
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system. Therefore, DSC measurements were performed to analyze and compare melting 

and crystallization processes in depth. 

Melting and crystallization curves for the nanocomposites as well as the unfilled blend 

are depicted in Figure 3.10. While no noticeable difference is observed in the melting curves 

(Figure 3.10a), the crystallization curves (Figure 3.10b) show some significant changes upon 

incorporation of the NPs and changing the modification conditions. Surprisingly, it can be 

seen that despite the expected nucleating effect of the NPs 48, the onset of crystallization 

shifts to a lower temperature after addition of the untreated silica (NC_0). This could be 

due to adsorption of the polar antioxidants on the silica surface resulting in fewer nucleating 

sites in the polymer matrix. This also results in less restriction for the crystallites to grow, 

leading to a higher crystal content compared to UP (see Table 3.2). After the silica surface 

is treated, the onset of crystallization increases by 4-7 °C indicating that the deposited 

APTES layer facilitates nucleation. This increase in the onset of crystallization, however, is 

not to the same extent for all the samples. Table 3.2 presents the DSC parameters for the 

nanocomposites NC_5 to NC_8, samples with different APTES layer morphologies. It can be 

seen that NC_5 and NC_7 exhibit higher crystallization onsets compared to NC_6 and NC_8. 

This can be explained as follows: 

Silica samples 5 and 7 are modified at room temperature, whereas samples 6 and 8 

are treated at 80°C. At lower reaction temperatures, the excess water in the reaction tends 

to be adsorbed onto the silica surface due to its hydrophilicity. Therefore, the condensation 

of the APTES and the silanization reaction takes place at the silica surface. This would result 

in formation of “island-like” structures of APTES on the silica. While the presence of these 

APTES islands can further contribute to the induction of deep traps 49, they can act as 

individual nuclei, inducing interfacial crystallization 50-51. The broadening that is observed in 

the NC_5 and NC_7 crystallization curves can also be explained as nucleation and 

transcrystallization at the silica/polymer interface emerging from the island-like nuclei. 

While this phenomenon contributes to increasing filler-polymer interactions 52, the 

resulting interfacial areas further decrease the space charge injection due to their exposure 

to the amine functionality. 
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At elevated reaction temperatures, however, the water in the system tends to desorb 

from the silica surface and enters the solution medium 53. In this situation, the condensation 

of the silane is more likely to happen before its attachment to the silica. This would result 

in grafting of longer APTES chains to the silica which leads to a smoother silica surface 

morphology exhibiting lower nucleation potential. It is also noteworthy that these 

differences are only observed for the PP phase crystallization curve, suggesting that the NPs 

are mostly located in this phase rather than in EOC. This observation is also in-line with the 

SEM images presented in Figure 3.7. 

a. 
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Figure 3.10. DSC measurements;  a: melting b: crystallization curves of the nanocomposites 
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Table 3.2. DSC parameters of selected nanocomposites 

4 Conclusions 

Successful deposition of APTES on fumed silica nanoparticles was confirmed by TGA, 

FTIR and XPS test results. Different modification conditions resulted in different levels of 

grafting density as well as different APTES film morphologies. From TSDC data, a substantial 

shift to higher energy levels and a significant reduction in intensity was observed for the 

space charge relaxation peak. These observations, in conjunction with BDS results, suggest 

that the presence of the amine moiety at the filler-polymer interface induces deep trap 

states. In this case, the deep trapped charges hinder further injection of space charges. The 

space charge injection, however, is not only affected by the amount of deposited silane, but 

also by its morphology. It was suggested that upon deposition of APTES on silica, an “island-

like” morphology can be formed on the surface at lower modification temperatures when 

water is present in the system. These “islands” can facilitate nucleation by acting as 

individual nuclei and inducing transcrystallization at the filler-polymer interface. Moreover, 

the presence of “island-like” structures on the silica surface would further contribute to the 

induction of deep traps at the filler-polymer interface which results in reduction of space 

charge injection. 

Sample Tm Onset 
(°C) 

Tc Onset 
(°C) 

PP  Tc 

(°C) 

EOC  Tc 
(°C) 

Enthalpy of 
Melting (J/g) 

% 
Crystallinity 

UP 102.5 115 110.9 96.9 87.4 35 

NC_0 102.1 112.2 108.7 96.7 97.8 39 

NC_5 100.5 119.7 110.1 96.5 89.9 36 

NC_6 101.4 117.5 111 96.3 79.3 31 

NC_7 101.3 120.3 110.8 96.1 91.4 36 

NC_8 101.7 116.5 110.1 95.9 87.3 35 
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Abstract1 

Surface modification of nanoparticles is a promising way to tailor the interfacial 

properties in nanocomposites. In case of dielectric nanocomposites, introducing different 

functional groups to the nanoparticles’ surface may induce localized states (traps) that can 

enhance the dielectric performance of the material depending on their density and energy 

levels. Furthermore, surface modification of the filler can affect the morphology and 

crystallization of the nanocomposites which can also alter the dielectric response of the 

material.  In this study, we firstly demonstrate the successful functionalization of silica 

nanoparticles using 3-(trimethoxysilyl)propyl methacrylate (TMPM) and 1-[3-

(trimethoxysilyl)propyl]urea (TMPU) as modifying agents. Subsequently, the effect of such 

modifications on the crystallization behavior and dispersion quality of the nanoparticles is 

studied in nanocomposites based on polypropylene (PP)/ethylene-octene-copolymer (EOC) 

blends at 1 % and 5 % of filler concentrations. The studied nanocomposites are then 

subjected to dielectric measurements. Broadband dielectric spectroscopy (BDS) and 

thermally stimulated depolarization current (TSDC) tests are performed to analyze the 

alterations in charge trapping and transport as well as space charge formation in the 

aforementioned systems, upon introducing methacrylate and ureido functional groups to 

the filler-polymer interfaces. Our results show that both ureido and methacrylate functional 

groups introduce localized states, but with different energy levels. Nitrogen containing 

ureido groups in TMPU tend to induce deeper traps to the filler-polymer interfaces, 

compared to the methacrylate silane modification. This resulted in a suppression of space 

charge formation at the interfaces under a high electric field. 

 

 

 

                                                                 
1 The results of this chapter are published in IEEE Access, vol. 9, pp. 130340-130352, 2021. 

(10.1109/ACCESS.2021.3112849) 
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1 Introduction 

In the previous chapter, it was shown that by grafting amino-functional groups to the 

surface of silica nanoparticles (NPs), deep traps are introduced to the filler-polymer 

interfaces. These deep traps, when occupied, could suppress the formation of space charge 

in the nanocomposites (NCs) under a DC electric field. These observations imply that the 

presence of nitrogen-containing functional groups at the surface of NPs can induce such 

effect. Therefore, in order to further examine the above hypothesis, it is of interest to 

compare its effect with that of another type of modification. Yet, nitrogen-containing 

functional groups can be detrimental to the dispersion quality of the NPs in the polymer 

matrix due to their strong tendency to form hydrogen bonds with the surrounding silanol 

groups on silica 1.  

The addition of NPs results in electrical defects in the dielectric NCs 2, therefore, 

improving their dispersion in the polymer matrix can lead to improvements of the dielectric 

properties such as breakdown strength 3. Several studies have reported the significance of 

filler dispersion in determining the properties of nanodielectrics 4-7.  Surface treatment of 

nanofillers is a promising way to improve dispersion qualities in NCs, and benefit from their 

large interfacial areas 8. Accordingly, NPs dispersion can be influenced by the type of 

functional groups in the structure of the modifying agent. Moreover, altering the chemistry 

of the NPs surface can affect the morphological properties of the NCs, particularly in case 

of semi-crystalline polymers 9-10. Therefore, studying the morphological aspects of 

nanodielectrics is of great importance for tailoring their macroscopic dielectric properties. 

It has been shown that tailoring the chemical composition of the NPs surface can 

result in improvement of the dielectric properties of the NCs, not only by influencing their 

morphological aspects, but also by introducing electrically active functional groups to the 

filler-polymer interfaces 3, 11. Filler functionalization can introduce new localized states into 

the nanodielectric, and consequently affect the charge trapping  and transport as well as 

space charge phenomena in the system. 
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In this chapter, we firstly demonstrate the successful functionalization of silica NPs 

using 3-(trimethoxysilyl)propyl methacrylate (TMPM) and 1-[3-(trimethoxysilyl)propyl]urea 

(TMPU) as modifying agents (see Figure 4.1), with the latter having a nitrogen-containing 

ureido group in its structure. Subsequently, the effect of such modifications on the 

crystallization behavior and dispersion quality of the NPs is studied in NCs based on 

polypropylene (PP)/ethylene-octene-copolymer (EOC) blends. The studied NCs are then 

subjected to dielectric measurements. Broadband dielectric spectroscopy (BDS) and 

thermally stimulated depolarization current (TSDC) tests are performed to analyze the 

alterations in charge trapping and transport as well as space charge formation in the 

aforementioned NCs, upon introducing methacrylate and ureido functional groups to the 

filler-polymer interfaces. Since the effective grafting density of the silanes is limited by their 

reactivity and the specific surface area of the NPs, higher concentrations of these functional 

groups in the system are only possible by increasing the filler content. Therefore, two 

different filler concentrations are studied for the modified samples, in order to further 

investigate the effect of these functional groups on the dielectric properties of the NCs. 

a. b. 

 

 

Figure 4.1. Chemical structures of a: 3-(trimethoxysilyl)propyl methacrylate (TMPM), and b: 1-[3-
(trimethoxysilyl)propyl]urea (TMPU). 

2 Experimental Work 

 Silica Modification 

AEROSIL 200 silica NPs were provided by Evonik Industries, Germany. The silica NPs 

were treated in liquid phase in a glass round bottom flask immersed in an oil heating bath 

equipped with a mechanical stirrer, cooler and thermometer. 3-(trimethoxysilyl)propyl 

methacrylate (TMPM) and 1-[3-(trimethoxysilyl)propyl]urea (TMPU) were purchased from 
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Sigma-Aldrich, Germany, and used as the modifying agent without further purification. 

Toluene (Boom Chemicals, the Netherlands) was used as the reaction medium, and a 

stoichiometric amount of water was added to the reactor to hydrolize the added amount 

of silane. The modification reaction took place at 80 °C for 24h. The silica NPs were stored 

in an oven at 120 °C overnight prior to modification, and cleaned after modification via 

Soxhlet extraction using ethanol as the solvent. The latter was done in order to remove any 

unreacted precursor and reaction by-product from the silica samples. 

 Silica Characterization 

Thermogravimetric Analysis (TGA) and Diffuse Reflectance Fourier Transform Infrared 

Spectroscopy (DRIFTS) were performed according to what was described in Chapter 3. 

 Preparation of the Nanocomposites 

Nanocomposites based on polypropylene/ethylene-octene copolymer (PP/EOC) 

blends were prepared by the addition 1 w%  and 5 w% of the silica NPs as well as an 

antioxidant package (0.3 w%) to the polymer matrix using equipment described in 

Chapter 3. 

 Morphology and Crystallinity Analysis 

Scanning Electron Microscopy (SEM) was performed on the dielectric NCs using a 

Jeol JSM-6400 (Japan) to study the NP dispersion and polymer blend morphology. Sample 

preparation was done both with and without gold sputtering in order to visualize the 

particles and the polymer phases in more detail. The silica cluster size distribution in the 

studied NCs was analyzed using open-source ImageJ software with Trainable Weka 

Segmentation plugin 12. Differential Scanning Calorimetry (DSC) was utilized according to 

the description in Chapter 3. 

 Thermally Stimulated Depolarization Current (TSDC) 

Thermally Stimulated Depolarization Current (TSDC) measurements were performed 

in accordance with the description in Chapter 3. 
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 Broadband Dielectric Spectroscopy (BDS) 

These measurements were performed according to what was described in Chapter 3. 

3 Results and Discussions 

Figure 4.2 presents the TGA thermograms of both modified samples along with the 

untreated silica. The 1.5 % mass loss of the untreated silica is due to the release of 

physisorbed and chemisorbed water. The ~1.2 % of mass loss occurring above 150 °C can 

be attributed to the siloxanation of silanol groups on the silica surface, and accounts for a 

density of 4 SiOH/nm2 13. Regarding the modified silica, one can calculate the silane grafting 

density from the TGA mass loss according to Equation 4-1. 

𝐴𝐴𝑖𝑖𝑚𝑚𝑎𝑎𝑚𝑚𝜋𝜋 𝐺𝐺𝑟𝑟𝑎𝑎𝐺𝐺𝑡𝑡𝑖𝑖𝑚𝑚𝐺𝐺 𝐷𝐷𝜋𝜋𝑚𝑚𝑐𝑐𝑖𝑖𝑡𝑡𝐷𝐷 (
𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚
𝐺𝐺 𝑐𝑐𝑖𝑖𝑚𝑚𝑖𝑖𝑐𝑐𝑎𝑎

) =
∆𝑊𝑊 × 1000

𝑀𝑀𝑤𝑤 × (100 − ∆𝑊𝑊)
 (Equation 4-1) 

Where ∆𝑊𝑊 is the main mass loss of the thermogram and 𝑀𝑀𝑤𝑤 is the molecular weight 

of the silane in the temperature ranges of 270 °C to 850 °C, and 200 °C to 850 °C for the 

TMPM and TMPU-modified silica, respectively. 

TMPM and TMPU-modified silicas exhibit mass losses of 5.8% and 15%, which account 

for grafting densities of 0.25 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑔𝑔 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

 and 0.79 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑔𝑔 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

, respectively. Due to the hydrogen bond 

interactions between both silanes and the silanol groups on the silica surface, both 

reactions are expected to proceed in a self-catalyzing manner 14. The Si-O-H···N hydrogen 

bonds in the case of TMPU, however, are generally stronger than those of the Si-O-H···O for 

TMPM, due to the higher electronegativity of nitrogen 15. This may be a reason for the 

higher grafting density of TMPU on silica compared to that of TMPM. Furthermore, the 

stronger hydrogen bond interactions between the silane molecules in TMPU may lead to 

oligomerization of this silane and formation of longer chains. This can manifest itself as 
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multiple steps in the TGA thermograms. The second mass loss step in case of TMPU-

modified silica starting from ~300 °C may be due to this reason. 

Figure 4.2. TGA thermograms of the unmodified and modified silica NPs. The main mass loss step is 
related to the release of the grafted precursor 

The DRIFTS spectra in Figure 4.3 represent the chemistry of the surface before and 

after modification, and confirm the successful deposition of each silane onto the 

nanoparticles. It is clear that the band at 3750 cm-1 corresponding to the isolated silanol 

groups disappears upon modification of the silica. This is indicative of effective coverage of 

nanoparticles upon deposition of the silane. The TMPM-modified silica exhibits the 

characteristic bands of methacrylate groups, C=C and C=O at 1640 cm-1 and 1690 cm-1, 

respectively 16. The C-H stretching vibration bands, from 2800 cm-1 to 3000 cm-1, appear in  

both TMPM and TMPU spectra, which are mostly attributable to the propyl spacer chain in 

both silanes. The TMPU spectrum contains the characteristic bands related to the ureido 

groups, C=N, C=O and N-H, appearing at 1560 cm-1, 1690 cm-1 and 3350 cm-1, respectively 17. 
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Figure 4.3. DRIFTS spectra for the modified and unmodified NPs 

In order to analyze the filler dispersion in the NCs, SEM images along with histograms 

of particle size distributions are presented in Figure 4.4. The mean silica cluster size for 

untreated silica in the PP/EOC matrix (Sample 0) is approximately 300 nm. In case of 1 % 

silica concentration, a mean cluster size around 160 nm is achieved with the TMPM 

modification, indicating a relatively better NPs dispersion with this type of treatment. 

Whereas, TMPU-modified silica exhibits a mean cluster size of 300 nm. This can be due to 

the nitrogen containing ureido groups deposited on the NPs surface interacting strongly via 

hydrogen bonds resulting in relatively larger clusters compared to TMPM. Another reason 

can be the oligomerization of the ureido silane, binding the particles by strong covalent 

bonds. The much higher grafting density of TMPU shown in Figure 4.2 is an evidence for this 

oligomerization.  Increasing the filler content to 5 % results in relatively bigger clusters for 

both types of modification as TMPM_5 and TMPU_5 exhibit mean aggregate sizes around 

200 nm and 400 nm, respectively. The polymer blend exhibits a well dispersed two-phase 

morphology, with the EOC domains elongated along the direction of the flow in the mold 

(see TMPM_1 and TMPU_5). This is not visible in the TMPM_5 and TMPU_5 images since 

these samples were gold sputtered to achieve higher resolutions. 
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Figure 4.4. SEM images of the NCs’ cross section to visualize the silica dispersion and blend 
morphology, samples TMPM_5 and TMPU_5 were treated by gold sputtering for a better distinction 

of the NPs, while Sample 0, TMPM_1 and TMPU_1 were measured without gold sputtering to 
visualize the polymer phases in the blend. 

 

The melting and crystallization behavior of the studied NCs, characterized by DSC, is 

presented in Figure 4.5. The melting spectra exhibit two distinct peaks at 108 °C and 147 °C, 

corresponding to melting temperatures of EOC and PP components of the blend, 

respectively. While there is no significant differences between the melting curves in all 

samples (Figure 4.5a), the non-isothermal crystallization of the NCs undergoes meaningful 

changes upon incorporation of the NPs and their modification (Figure 4.5b). Two 

crystallization peaks are observed in the unfilled blend spectrum, at 110 °C and 97 °C, 

related to the PP and EOC crystalline domains. Table 4.1 presents the DSC parameters 

calculated from the plots. It is evident that upon incorporation of the unmodified NPs, the 

onset of crystallization decreases which is despite the expected nucleating effect of NPs 18-



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 91PDF page: 91PDF page: 91PDF page: 91

C H A P T E R  4                                               P a g e  | 91 
 

19. This is likely due to the absorption of the polar antioxidant particles onto the silica 

surface, resulting in fewer nucleating sites in the matrix 20-21. For the same reason, the 

degree of crystallinity is not affected by the addition of the untreated silica. Nevertheless, 

the modification of NPs results in a significant increase of the onset of crystallization by 4 

to 7 °C, as well as the degree of crystallization, which indicates the higher nucleating effect 

of the silica upon modification. The degree of supercooling (ΔT) can be defined as the 

difference between the melting and crystallization peak temperatures at a given cooling 

rate. This is calculated for the PP domains and presented in Table 4.1. It is evident that the 

modification of silica results in lower ΔT which is another indication of a more efficient 

nucleation in the modified NCs 22.  Moreover, increasing the filler content from 1 % to 5 % 

in both TMPM and TMPU cases, results in a decrease in the degree of crystallization by 2 %. 

This can be due to the slight increase in cluster size when increasing the filler content, which 

can result in a lower degree of crystallization 18. 
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a.  

b.  

Figure 4.5. a: Melting and b: crystallization spectra of the studied NCs. 
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Table 4.1. DSC parameters calculated for different NC samples 

 Onset of 
Crystallization 

(°C) 

Enthalpy of 
Melting 

(J/g) 

Percentage of 
Crystallinity 

(%) 

Degree of 
Supercooling 

ΔT (°C) 

Unfilled Blend 114 77.3 31 36.2 

Sample 0 112 74.9 30 37.4 

TMPM_1 116 109.7 44 35.9 

TMPM_5 117 104.1 42 34.9 

TMPU_1 117 110.9 44 34.7 

TMPU_5 119 104.3 42 33.8 

 

Broadband dielectric spectroscopy (BDS) is a powerful method to study the 

permittivity and frequency-dependent relaxations in a nanodielectric, and can provide 

information about interfacial polarizations and space charge formation in the material. 

Figures 4.6a and 4.6b present the variations in the real part of permittivity for the TMPM 

and TMPU-modified NCs compared to the reference samples. In the frequency range above 

1 Hz, it is clear that with 1% of filler concentration the TMPM modification exhibits lower 

permittivity values compared to the TMPU-modified NCs and the reference samples. This 

can be due to the higher grafting density of the TMPU silane on the NPs which results in a 

higher number of polarizable species in the system, and hence, higher permittivity. 

Increasing the filler content to 5 %, on the one hand, decreases the permittivity of the NCs, 

compared to their 1 % counterparts. On the other hand, TMPU_5 appears at lower levels of 

real permittivity compared to TMPM_5. The ureido groups in TMPU can interact strongly 

with each other and with other polar species in the system (e.g. antioxidant particles) via 

hydrogen bonds, and when incorporated at higher concentrations, can hinder the 

polarization mechanisms in the NC. 

At the lower range of frequencies (below 1 Hz), a significant rise is observed in both 

parts of permittivity for the unfilled blend and Sample 0. The low frequency variations are 

related to either polarization of large dipolar species, or the occurrence of Maxwell-Wagner 
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(space charge) relaxations 23. It is clear that the introduction of either modifying agent to 

the NPs results in a decrease in this low frequency rise, suggesting lower susceptibility to 

space charge formation at their interface with the polymer matrix. This effect is pronounced 

when increasing the filler concentration to 5 %, when only a marginal increase is observed 

in the low frequency range for both modified samples. It can be noted that the TMPU 

modification results in lower interfacial polarizations compared to the TMPM. This is likely 

due to two reasons: firstly, the higher grafting density of TMPU results in a higher number 

of functional groups at the filler-polymer interface, which induces a pronounced effect in 

suppressing the space charge relaxations. Secondly, it has been shown that the nitrogen 

containing functional groups are prone to suppress space charge formation in NCs 24-25. 

Therefore, it can be assumed that the ureido groups in the TMPU structure can induce the 

same effect. 
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c.  

d.  

Figure 4.6. a and b: real and c and d: imaginary parts of permittivity for the modified samples 
compared to the unfilled and untreated references 
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The TSDC spectra of all studied NCs are presented in Figure 4.7a. In principle, TSDC is 

able to detect low-frequency motions in the material by thermal stimulation of a charged 

sample and monitoring the discharge current 26. The discharge current at elevated 

temperatures, generally above the glass transition temperature of the polymer, can be 

attributed to the relaxation of space charge accumulated at the interfaces within the NC. 

Accordingly, the temperature of the peak and the corresponding current can be correlated 

to the depth and the density of charge traps in the NC using the theory of modified TSDC 

(MTSDC) reported by Tian et. al 27. This is presented in Figure 4.7b. It can be seen that the 

unfilled blend exhibits a space charge relaxation peak at 75 °C corresponding to a trap depth 

distribution around 0.98 eV. These are the localized states resulting from the structural 

defects in the polymer matrix as well as the physical defects related to antioxidant particles. 

The addition of untreated silica (Sample 0) slightly shifts the traps to higher energy levels 

indicating new localized states existing in the NPs lattice structure and at the filler-polymer 

interfaces. With 1 % of filler concentration, TMPM-modified silica introduces shallower 

traps compared to the untreated NPs. Evidently, the methacrylate groups on the NP surface 

induce shallow trapping states, whereas the ureido functionality in TMPU-modified silica 

creates deep traps with energies around 1.05 eV. The deepening of the trapping states in 

case of TMPU is very similar to the effect of amino functionalized NPs in observed in the 

previous chapter 24-25. This can lead to a similar conclusion that these nitrogen containing 

functional groups can induce deep traps at the filler-polymer interfaces. Moreover, a lower 

density of occupied traps is observed for the TMPU-modified silica compared to TMPM. This 

indicates that with the presence of ureido groups at the interfaces, the amount of charge 

injected to the NC is reduced which is better visualized in Figure 4.7d. This is also in-line 

with our previous observations and indicates the hampering of space charge formation in 

the presence of nitrogen containing functional groups at the filler-polymer interfaces. This 

suggests that the space charge phenomena in nanodielectrics can significantly be affected 

by the change in the electronic structure of the filler surface. This would enable tailoring 

the filler-polymer interfaces in the nanodielectric without inducing chemical bonds 

between the filler and the polymer. Increasing the filler concentration to 5 % results in a 

reduction of trap densities compared to the 1 % NCs. This reduction is most significant in 
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case of TMPU_5, where the trap density is three orders of magnitude smaller compared to 

TMPU_1 (Figure 4.7b). As was shown in the SEM analysis, the TMPM modification resulted 

in a better dispersion of the NPs compared to TMPU. Nevertheless, the TMPU-modified NCs 

exhibit less susceptibility for space charge formation under electric fields. This suggests that 

the charge transport and space charge phenomena in these systems are more significantly 

affected by the chemical composition of the NPs’ surface, rather than their dispersion 

quality. Figure 4.7c presents the current densities measured for all the studied samples 

during the poling step of the TSDC test. In general, increasing the filler concentration results 

in an increased number of conduction pathways due to the interference of the interfacial 

areas 28 which would potentially result in an increased current density. However, in our 

case, due to the surface functionalization and the introduction of relatively deep localized 

states at the filler-polymer interfaces, the current density is reduced upon increasing the 

filler content. This suggests that at higher filler concentrations, even though more 

conduction pathways are accessible to the charge carriers, the trapping processes prevail. 

This results in a lower mobility of the charge carriers and a reduced current density in the 

NCs, as can be seen in Figure 4.7c. This effect is more clearly observed in comparing 

TMPM_5 and TMPU_5 NCs. The reduction in current density compared to their 1 % 

counterparts is more pronounced in case of TMPU modification. This is due to the presence 

of deeper localized states which results in a lower mobility of charge carriers, and hence, 

lower current density for TMPU compared to TMPM. 
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c.  

d.  

Figure 4.7. a: TSDC spectra, b: trap level distribution and density, c: current density during poling and 
d: amount of injected charge during poling for all NCs and the unfilled reference. 

4 Conclusions 

We demonstrated the successful modification of silica NPs using 3-

(trimethoxysilyl)propyl methacrylate (TMPM) and 1-[3-(trimethoxysilyl)propyl]urea (TMPU) 

as modifying agents. Subsequently, nanodielectrics based on polypropylene (PP)/ethylene-

octene-copolymer (EOC) blends were analyzed. A two-phase morphology, typical for this 

polymer blend, was observed. Filler dispersion was shown to be improved when TMPM-
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modified NPs were incorporated into the polymer matrix. The ureido and methacrylate 

functional groups introduced localized states with different energy levels. Nitrogen 

containing ureido groups in TMPU tend to induce deeper traps to the filler-polymer 

interfaces with a lower density, compared to the methacrylate silane modification. 

Furthermore, the TMPU modification hindered the formation of space charge at the 

interfaces more effectively than TMPM, even though the latter resulted in a relatively better 

dispersion of NPs. Increasing the filler concentration resulted in further reduction of trap 

densities, and hence a reduced space charge formation for both types of modification.  
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Gas Phase Modification of Silica 
Nanoparticles in a Fluidized Bed 
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Abstract1 

Functionalized nanoparticles have various applications, for which grafting of a 

chemical moiety onto the surface to induce/improve certain properties is needed. When 

incorporated in polymeric matrices, for instance, the modified nanoparticles can alter the 

interfacial characteristics leading to improvements over the macroscopic properties of the 

nanocomposites. The extent of these improvements is highly dependent on the thickness, 

morphology and conformity of the grafted layer. However, the common liquid-phase 

modification methods provide limited control over these factors. A novel gas-phase 

modification process was utilized, with 3-aminopropyltriethoxysilane (APTES) as precursor, 

to chemically deposit amino-terminated organic layers  on fumed silica nanoparticles in a 

fluidized bed. A self-limiting surface saturation was achieved when the reaction was done 

at 200 °C. With this self-limiting feature, we were able to graft multiple layers of 

aminopropylsiloxane (APS) onto the silica nanoparticles using water as the co-reactant. The 

feasibility of this process was analyzed using Thermogravimetric Analysis (TGA), Diffuse 

Reflectance IR Fourier Transform Spectroscopy (DRIFTS), X-Ray Photoelectron Spectroscopy 

(XPS) and Elemental Analysis (EA). By altering the number of APTES/water cycles, it was 

possible to control the thickness and conformity of the deposited aminopropylsiloxane 

layer. This novel approach allows to engineer the surface of nanoparticles, by introducing 

versatile functionalized layers in a controlled manner. 

 

 

 

 

                                                                 
1 The results of this chapter are published in Langmuir, 37, 15, pp. 4481–4492, 2021 
(https://doi.org/10.1021/acs.langmuir.0c03647) 
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1 Introduction 

For various industrial and scientific applications, there is a need to functionalize the 

surfaces of nanoparticles in order to achieve a variety of properties. Among different types 

of nanoparticles, silica is widely used in many applications as filler 1-3, catalyst carrier 4, and 

biological and medical materials 5. In order to improve the application performance, their 

surfaces usually need to be modified by functional chemical groups 6-7. 3-

aminopropyltriethoxysilane (APTES) is a well-studied and commonly used modifying agent 

because of its versatility and wide application range. Amino-terminated silica particles can 

be used as filler in rubber and plastic matrices to improve mechanical properties by 

enhancing the filler-matrix interactions 8. Amino-terminated silica particles also have a large 

adsorption capacity and good selectivity for metal ions, such as Cu2+, Pb2+, Hg2+, thus they 

can be used as chromatography stationary phase or adsorbent 9-11. Since amino groups can 

react with proteins and DNA, the functionalized particles have important applications in the 

separation of biomaterials, enzyme immobilization and targeted medicine 12-13. 

In Chapter 3, it was shown that treating silica nanoparticles with APTES results in a 

significant reduction of space charge injection in nanodielectrics under DC fields. It was also 

discussed that the amine functional group can induce deep localized states that can trap 

the mobile charges when the DC field is applied 14. Also, substituting the silanol groups with 

amine functional groups on the silica can reduce the surface polarity, minimize the 

dispersion challenges and reduce moisture uptake 15. Liu et al. 16-17 have shown that the 

mass of adsorbed moisture and medium sized species, such as byproducts from filler 

modification and polymer crosslinking, is proportional to the hydroxide concentration on 

the nanoparticle surface. It has also been shown that the long-term deterioration of 

insulation properties of polymeric nanocomposites can be due to uncontrolled moisture 

uptake 18. Therefore, depositing conformal aminopropylsiloxane (APS) layers from APTES on 

the silica nanoparticles in a controlled manner appears to be a promising way to achieve 

and maintain good insulation properties. 

The preparative method of the functionalized nanoparticles has a remarkable effect 

on the coating morphology, i.e. layer thickness, surface density, orientation of the surface 
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molecules, and the type of interactions between the surface groups and the precursor 

molecules 19. Functionalization of nanoparticles is usually done in an aqueous or non- 

aqueous liquid phase, with organic solvents, e.g. toluene, hexane or ethanol. This method, 

while proven to be effective 20, brings about serious issues such as solvent recovery, long 

operation times, high costs, severe pollution, and low efficiency 21. Moreover, the presence 

of water has a great influence on the mechanism of layer formation and further on the 

structure of the deposited layer 22. In aqueous conditions, multilayers are formed by 

oligomerization of bi- and trifunctional alkoxysilanes due to hydrogen-bonding and 

hydrolysis of precursor molecules before deposition onto the surface via covalent bonds 19. 

This usually occurs inevitably and in spite of careful dehydration treatments 23, hence 

making it difficult to control the thickness and morphology of the deposited layers. 

Elimination of the physisorbed water molecules and deposition of self-saturating molecular 

layers of alkoxysilanes can be most easily performed in the gas phase. Different silane layers 

have been deposited onto silica powders in the gas phase by means of carrier particles 

containing a known quantity of modifying agent 21, 24. However, this approach does not 

provide control over the thickness and morphology of the deposited layer. Aminosilane 

layers have been deposited onto silicon dioxide substrates in gas phase via atomic layer 

deposition (ALD) 25. Hydrolysis of aminosilylated silica, that is hydrolyzing the remaining 

unreacted alkoxy groups with water, followed by a silanization step resulted in the 

controlled formation of a high-density amino-terminated siloxane network. When 

consecutive aminopropyltrialkoxysilane and water cycles have been performed, an 

increased content of amino groups on porous silica is observed. To our knowledge, this 

approach has not yet been applied on nanoparticles in a fluidized bed. 

In this chapter, fumed silica nanoparticles were treated in the gas phase in a fluidized 

bed with 3-aminopropyltriethoxysilane (APTES). APTES reacts with the isolated and geminal 

silanol groups on the silica in a self-catalyzing manner due to hydrogen bond interactions 26. 

Therefore, the first layer can be chemically deposited onto the nanoparticles’ surface with 

no need for hydrolysis. Figure 5.1a depicts a schematic presentation of this reaction.  

Different reaction temperatures were applied in order to verify self-limiting surface 

saturation. Subsequently, multiple layers were deposited onto the nanoparticles via 
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sequential APTES/water cycles (Figure 5.1b). This process is similar to that of atomic layer 

deposition (ALD), where layers are formed on a reactive surface by sequential pulses of two 

precursors in the gas phase. In this way, deposition of APTES can be controlled, layer by 

layer, by increasing the number of APTES/water cycles. The feasibility of this approach was 

analyzed using Thermogravimetric Analysis (TGA), Diffuse Reflectance Infrared Fourier 

Transform Spectroscopy (DRIFTS), X-Ray Photoelectron Spectroscopy (XPS) and Elemental 

Analysis (EA). 

a. b. 

 

Figure 1. a: Deposition mechanism of aminopropylsiloxane onto the silica nanoparticles, b: 
Repetition of the APTES/water cycles to achieve conformal coating of the surface. 
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2 Experimental Work 

 Materials 

A fumed silica grade, AEROSIL 200 (primary particle size of 7-50 nm) with high purity 

and low moisture content, was received from Evonik Industries (Germany). 3-

aminopropyltriethoxysilane (APTES) with 99 % purity was purchased from Sigma Aldrich 

(Germany) and used without any further purification. In order to dry the silica and rule out 

the effect of air humidity, nanoparticles were kept in an oven at 120°C for 24 h prior to the 

modification process. 

 Gas Phase Deposition of the Silane 

The experiments were carried out in a fluidized bed reactor operated at atmospheric 

pressure: the particles are suspended (“fluidized”) in an upward gas flow. The reactor 

consists of a glass column (2.6 cm in internal diameter and 50 cm in height), placed on top 

of a double-motor vibration table (Paja PTL 40/40-24, Netherlands) to assist the fluidization 

process. Two stainless-steel distributor plates with pore size of 37 μm were placed at the 

bottom and top of the column to obtain a homogeneous distribution of the gas inside the 

column and to prevent particles from leaving the reactor. APTES was used as the modifying 

agent and was heated up to 110°C in a stainless-steel bubbler. In some further experiments, 

in order to investigate the controllability of the silane layer deposition on the fluidized silica 

nanoparticles, a second bubbler was added to the setup containing water at room 

temperature. The bubbler temperature was chosen based on the vapor pressure of the 

contained substance. The silica nanoparticles were fluidized and pre-treated in the glass 

column with nitrogen (N2) flow for 1 h at the desired reaction temperature in order to break 

larger agglomerates of nanoparticles and remove physisorbed water. After the pre-

treatment, the fluidized powder bed consisted of two zones: a bottom zone with large 

agglomerates (up to 5 mm in diameter) and a top zone of fine powder, which fluidized 

smoothly. Subsequently, the fluidized silica was exposed to the precursors carried by 

nitrogen gas passing through bubblers at different pulse times. After the treatment, the 

fluidized powder was purged by nitrogen gas to remove by-products and physisorbed 
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precursor, and the fine powder and agglomerated particles were collected and 

characterized separately. Since the fine powders are more effectively mixed in the bed, they 

better represent the properties of the modified nanoparticles with this method, and 

therefore, are subjected to more detailed characterizations. The details of each experiment 

are depicted in Table  5.1. 

Table  5.1. Details of experiments performed in the fluidized bed 

T bubbler 
(°C) 

tpre-treatment 
(min) 

Treaction 
(°C) 

treaction 
(min) 

tpurging 
(min) 

110 60 

150 

1 

60 

3 

5 

10 

200 

1 

3 

5 

10 

250 

1 

3 

5 

10 

 

It is assumed that upon reaching a surface saturation, there are neither silanol groups 

on the silica nor hydrolyzed ethoxy groups of already attached silane molecules accessible 

for the silane to react with. A water pulse through the bed can hydrolyze the remaining 

ethoxy groups, and result in the growth of the deposited layer upon the next silane pulse. 

Therefore, it is expected that consecutive APTES/water pulses through the fluidized silica 

nanoparticles would result in the growth of the deposited layer upon each cycle. Each cycle 
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starts with an APTES pulse for 5 minutes to deposit a sub-mono layer of the silane onto the 

fluidized silica nanoparticles. This step is followed by 10 minutes of nitrogen purging in order 

to remove the by-products and the physisorbed APTES. Subsequently, water is sent through 

the column for 3 minutes so that the exposed ethoxy groups become hydrolyzed and ready 

to react with the silane pulsed in the next cycle. Finally, the fluidized silica is purged again 

with nitrogen for 10 minutes. 

 Characterization of the Nanoparticles 

2.3.1 Thermogravimetric Analysis (TGA) 

In order to estimate the total number of silanol groups on the surface of the 

nanoparticles, Thermogravimetric Analysis (TGA 550, TA Instruments, USA) was performed 

on the untreated Aerosil 200. The method consists of heating up the silica powder from 

room temperature to 850 °C with a rate of 20 °C/min under air while measuring the mass 

loss of the sample. It is assumed that all the physisorbed water is released from the sample 

up to 150 °C 27-29. Therefore, the total number of silanol groups for 1 g of silica can be 

calculated from the mass loss above 150 °C and using Equation 5-1:  

𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆  �𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆
𝑛𝑛𝑚𝑚2� =  2

∆𝑚𝑚 ∙ 𝑁𝑁𝐴𝐴
𝑀𝑀𝑆𝑆2𝑆𝑆 ∙  𝐴𝐴𝐴𝐴

 (Equation 5-1) 

𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆: total number of silanol groups 

∆𝑚𝑚: mass loss in the temperature range: 150 °C < T < 850 °C 

𝑁𝑁𝐴𝐴: Avogadro’s constant 

𝑀𝑀𝑆𝑆2𝑆𝑆: molecular mass of water (18 g/mol) 

𝐴𝐴𝐴𝐴: Surface area of the nanoparticles (200 m2/g) 

 

The removal of physisorbed water from the nanoparticles is crucial to reach ALD 

surface saturation. However, the released water from siloxanation of the vicinal silanol 

groups during the process can hydrolyze the alkoxy groups of the silane, initiate 

oligomerization of the APTES species and disturb the self-limiting growth of the film. The 
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number of siloxanating silanol groups was estimated at each reaction temperature using 

TGA: the untreated silica nanoparticles were rapidly (50 °C/min) heated up to the desired 

temperature, and held isothermally for 1 h. It is assumed that the heating rate during the 

ramp does not affect the total mass loss up to the isothermal step. The number of silanol 

groups siloxanating at each temperature can then be calculated from Equation 5-2: 

𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆𝑇𝑇∗  �𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆
𝑛𝑛𝑚𝑚2� =  2

∆𝑚𝑚𝑇𝑇 ∙ 𝑁𝑁𝐴𝐴
𝑀𝑀𝑆𝑆2𝑆𝑆 ∙ 𝐴𝐴𝐴𝐴

 (Equation 5-2) 

𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆𝑇𝑇∗  : number of silanol groups siloxanating at temperature T   

∆𝑚𝑚𝑇𝑇: mass loss during the isothermal step 
 

The multiplier two in Equations 1 and 2, is related to the assumption that siloxanation 

of two adjacent silanol groups results in release of one water molecule 29. Having calculated 

the total number of silanol groups as well as the number of silanol groups siloxanating at 

each reaction temperature, one can calculate the grafting density (GD) of the APTES upon 

surface saturation using Equation 5-3: 

𝐺𝐺𝐷𝐷𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠  �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝑇𝑇𝐴𝐴𝑆𝑆
𝑔𝑔 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

� =  
𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆𝑇𝑇 ∙ 𝐴𝐴𝐴𝐴
𝑁𝑁𝐴𝐴 × 10−3

 (Equation 5-3) 

where 𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆𝑇𝑇 = 𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆 − 𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆𝑇𝑇∗  is number of remaining silanol groups on the silica at 

temperature T, and 𝐺𝐺𝐷𝐷𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠  is the calculated grafting density of APTES upon saturation. Here, 

it is assumed that surface saturation takes place in the absence of water, and that in this 

case, each SiOH reacts only with one APTES molecule, i.e. a monodentate structure 20. 

TGA was also performed on the modified silica in order to quantify the level of 

modification.  Each sample was heated up from room temperature to 850 °C with a rate of 

20 °C/min. The mass loss above 300 °C was attributed to the thermal decomposition of  the 

aminopropyl groups grafted on the silica surface 20. The GD can then be calculated from the 

thermograms according to Equation 5-4: 
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𝐺𝐺𝐷𝐷𝑒𝑒𝑥𝑥𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠 �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝑇𝑇𝐴𝐴𝑆𝑆
𝑔𝑔 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

� =
103

𝑀𝑀𝑊𝑊
 (

∆𝑊𝑊
1 − ∆𝑊𝑊

) (Equation 5-4) 

𝐺𝐺𝐷𝐷𝑒𝑒𝑥𝑥𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠 : saturated grafting density of APTES from the experiment 

∆𝑊𝑊 ( 𝑔𝑔 𝐴𝐴𝐴𝐴𝑆𝑆
𝑔𝑔 𝑠𝑠𝑠𝑠𝑚𝑚𝑒𝑒𝑚𝑚𝑒𝑒

) : TGA mass loss between 300 °C and 850 °C 

1-∆𝑊𝑊 ( 𝑔𝑔 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
𝑔𝑔 𝑠𝑠𝑠𝑠𝑚𝑚𝑒𝑒𝑚𝑚𝑒𝑒

) : Mass fraction of the pure silica in the modified sample 

𝑀𝑀𝑤𝑤 : Molecular mass of the aminopropyl moiety (58 g/mol) 

 

2.3.2 DRIFTS Measurements 

Diffuse Reflectance IR Fourier Transform Spectroscopy (DRIFTS) was utilized to further 

evaluate the deposition of APTES. Analyses were conducted using a Nicolet 8700 

spectrometer (Thermo Fisher Scientific) equipped with a DTGS detector. The samples were 

prepared using KBr (99+%, FTIR grade, Harrick Scientific Corporation) as background. 

Spectra were recorded from 4000-400 cm-1 and averaged over 128 scans, using a resolution 

of 4.0 cm-1. The data is plotted in the wavenumber range of 4000-1500 cm-1 as this is the 

range of interest in this case. All the tests were performed at room temperature. 

2.3.3 X-Ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) was conducted as to the description in 

Chapter 3. 

2.3.4 Elemental Analysis 

Elemental analysis was done using a Thermo Scientific Flash 2000 organic elemental 

analyzer. Small amounts of the powder were put into tin containers and placed inside the 

equipment chambers. Subsequently, the sample was heated up till 1000 °C, and the weight 

percent of present elements was measured. 
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3 Results and Discussions 

 Quantification of the Silanol Groups 

Figure 5.2 shows the thermogram of the untreated silica heated from room 

temperature to 850 °C. Distinct steps in the mass loss of silica can be observed from the 

derivative curve. The two steps, reaching their maximum rate first before 100 °C and then 

around 150 °C, are mainly due to the release of the physisorbed water. This observation 

validates the assumption used in Equation 5-1, and enables one to calculate the total 

number of silanol groups on the silica. The mass loss of 1.2 % above 150 °C, accounts for 

4 SiOH/nm2 according to Equation 5-1, which is in accordance with what is measured by 

other methods 29. According to the mass loss derivative graph in Figure 5.2, the release of 

silanol groups in form of water reaches its maximum rate first around 150 °C and then again 

around 300 °C. Therefore, in order to avoid APTES oligomerization and reach surface 

saturation, it is crucial to perform the modification reaction in the 150-300 °C temperature 

range. The high mass loss rate above 150 °C  is mainly due to the release of chemisorbed 

water. This is the water released as a result of siloxanation of surface silanol groups 29. The 

high loss rate at 300 °C is, therefore, related to further siloxanation of reactive silanol 

groups, which would substantially decrease the chemical deposition of APS. Accordingly, 

this reaction temperature can be ruled out from the modification experiments. It is also 

noteworthy here that, according to 30, no temperature effect on the surface density of 

amino groups on silica has been observed at reaction temperatures of 120-150 °C, when 

the deposition of aminosilanes was performed in the gas phase. Therefore, temperatures 

lower than 150 °C are not necessary to study for this process. 
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Figure 5.2. Thermogram of the untreated silica heated from room temperature to 850 °C. Since the 
mass decreases over time, the derivative curve has negative values 

Figure 5.3 shows the thermograms of untreated silica samples when kept isothermally 

at each reaction temperature for 1h. The objective of the isothermal TGA was to determine 

the lowest temperature range at which the ALD-like saturation is more likely to occur. 

During the rapid heating, before the stabilization of the temperature, the powder samples 

lose water; the higher the intended isothermal temperature, the higher the silica loses its 

physisorbed and chemisorbed water. This can be observed in Figure 5.3: at 200 °C and 

250 °C, less water remains in the sample, hence, the thermograms show lower overall mass 

loss during the isothermal step compared to 150 °C. This shows that the silica contains 

relatively more water at 150 °C, and hence, the oligomerization of APTES species during the 

modification is more likely at this reaction temperature. More so, the mass loss seems not 

to stabilize throughout the isothermal step, implying that there is still release of water from 

the silica after being kept at 150 °C for 1h. Whereas at 200 °C and 250 °C, less water is 

available on the silica, and the mass becomes stable during the isothermal step, indicating 

more likeliness for surface saturation during the treatment at these reaction temperatures. 

 



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 117PDF page: 117PDF page: 117PDF page: 117

C H A P T E R  5                                               P a g e  | 117 

Figure 5.3. Isothermal thermograms of the untreated silica at three reaction temperatures; the mass 
loss at 150 °C is significantly higher than the other two temperatures, mainly due to the continuous 

loss of water from the surface 

 Gas-Phase Deposition of the Amino-Silane 

Having gained some perspective on the silica, the reaction of vaporized APTES with 

fumed silica nanoparticles was studied in a fluidized bed using the reaction conditions 

depicted in Table  5.1. Three reaction temperatures: 150 °C, 200 °C and 250 °C, were utilized 

for the process in order to find the temperature at which the reaction is surface-limiting and 

where conformal self-saturating layers can be formed on the silica surface. This is one of 

the main features of an ALD process 31-32, which in this case would enable for controlled 

deposition of aminopropylsiloxane (APS) on the silica surface. The DRIFTS spectra of all the 

treated samples compared to the bare silica are presented in Figure 5.4. All spectra were 

normalized to the SiO2 vibrational band at 1860 cm-1 as the underlying bulk 33.The isolated 

Si-OH band at 3750 cm-1, disappearing at pulse times longer than 1 min, regardless of the 

reaction temperature, indicates the rapid consumption of the isolated silanol groups. This 

suggests that, after this point, it is mostly the siloxanation of geminal and vicinal silanol 

groups, that determines the reaction mechanisms. The intensity of the C-H stretching bands 

at 2870-2970 cm-1 increases upon increasing APTES pulse time at 150 °C (Figure 5.4a), which 

is not observed in case of 200 °C and 250 °C. This is an indication of the non-saturated 
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deposition at 150 °C as opposed to the obtained saturation at higher temperatures. The 

same increasing trend at 150 °C is observed for the N-H bending band at 1590 cm-1. 

a. 

 

b. 

 

c)  

Figure 5.4 . DRIFTS spectra for all silica samples treated at different temperatures 
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The APS grafting densities after 1, 3, 5 and 10 min of precursor pulse time, at three 

selected temperatures, were calculated based on the TGA results and using Equation 5-4. 

The results are plotted in Figure 5.5a. It can be seen that at 150 °C, the silanization reaction 

is not surface-limiting; the deposited layer keeps growing as the APTES pulse time increases. 

However, at 200 °C and 250 °C, the grafting density of the silane reaches saturation around 

0.5 mmol/g silica approximately after 5 minutes of pulse time. This observation indicates, 

firstly, that at 150 °C, the amount of physically and chemically adsorbed water on the silica 

enables for hydrolyzation of the APTES species and increasing the grafting density with time. 

This would cause oligomerization of the precursor, and prevents conformal deposition of 

the APS layer.  Instead, at 200 °C and 250 °C, the absence of the physisorbed water and the 

lower number of remaining silanol groups prevents APTES oligomerization, resulting in 

surface saturation after 5 minutes. This can be an evidence that the APTES precursor has 

formed a sub-monolayer of APS on the silica surface preventing any further silanization. The 

trend for the carbon and nitrogen content is similar to that of the grafting densities 

estimated from TGA (Figures 5.5b and 5.5c). This confirms that the self-limiting character of 

this process is valid down to the atomic scale, which is another key feature of an ALD 

process. 
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Figure 5.5. a: APS grafting densities after 1, 3, 5 and 10 min of precursor pulse time, at three 
selected temperatures, b: and c: carbon and nitrogen content from elemental analysis; the fitted 

curves are to guide the eye 
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Considering an average of 4 SiOH/nm2 on the surface of AEROSIL 200 (Equation 5-1), 

and the number of silanol groups siloxanating at each reaction temperature (Equation 5-2), 

the saturation grafting density of APS can be estimated (𝐺𝐺𝐷𝐷𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠  in Equation 5-3) and 

compared to the experimental value at each reaction temperature (𝐺𝐺𝐷𝐷𝑒𝑒𝑥𝑥𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠  in Equation 5-4). 

The results are presented in Table  5.2. The number of reactive silanol groups decreases by 

increasing the reaction temperature, what is expected as it was observed in form of mass 

loss seen in Figure 5.2. The calculated GD upon saturation is close to the experimental value 

when the reaction was performed at 200 °C. An average grafting of 1.54 APS
nm2, compared to 

1.79 SiOH
nm2  available on the silica nanoparticles  (see Table  5.2), implies the formation of an 

APS sub-monolayer at 200 °C after 5 minutes. This also implies that the APTES monodentate 

structure is more likely to occur at 200 °C, whereas the presence of water at 150 °C, and the 

promoted condensation at 250 °C may result more in bidentate and tridentate structures 
34. Accordingly, one can estimate that 86% of the silanol groups on the silica have reacted 

with the silane at 200 °C. This is a significant coverage e.g. compared to the 25% of reacted 

silanols in case of silanization in silica-filled rubber compounds 26. A maximum of 2.92 APS 

molecules are attached per nm2 of silica at 150 °C, which is on average higher than the 

number of available SiOH groups on the surface at this temperature. This estimation shows 

that precursor has been oligomerized at this reaction temperature. Interestingly, according 

to these calculations, it seems that the same phenomenon has occurred in case of the 

reaction at 250 °C. An average of 1.57 APS
nm2 is deposited after 5 minutes of exposure at this 

temperature, which is higher than 1.05 SiOH
nm2  available on the surface (see Table  5.2). This 

can be due to condensation and crosslinking of APTES species which was shown to be 

promoted at high reaction temperatures 34. This effect would result in an increased number 

of APS grafted onto a unit surface area, compared to the expected value calculated from 

Equation 5-3. Unlike the reaction at 150 °C, the APS growth mechanism at 250 °C is more 

affected by horizontal oligomerization of APTES. Nevertheless, despite the condensation 

effect, the deposition at 250 °C reaches saturation, as the number of silanol groups on the 

silica is relatively low at such a high temperature. 
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 Table  5.2. Number of silanol groups and the calculated and experimental values of APS grafting 
density at three reaction temperatures 

Due to the strong van der Waals forces between silica nanoparticles, agglomeration 

in a fluidized bed is inevitable 35. In fact, in contrast to particles in the high micrometer 

range, nanoparticles are not fluidized individually but as agglomerates: very dilute clusters 

in the order of 100 µm consisting of billions of primary particles. However, the high van der 

Waals forces can cause the nanoparticles to form larger agglomerates at the bottom of the 

fluidized bed column. Grillo et al. 36 demonstrated that despite the agglomerated structure 

of nanoparticles, surface saturation is feasible even at ambient conditions, which indicates 

the effective diffusion of the precursor into agglomerates in fluidized bed ALD processes.  In 

our case, large agglomerates, up to 5mm in diameter, were observed at the bottom of the 

reactor in all the experiments. Accordingly, it is fair to ask the following question: Is the APS 

deposition conformal, both in the fine fluidized powder and the agglomerates at the bottom 

of the reactor? Figure 5.6 shows the TGA graphs for fine and agglomerated powders of all 

the samples treated at different temperatures and times. In case of reaction temperatures 

of 200 °C and 250 °C, the graphs of the fine and agglomerated silica are nearly identical. This 

indicates that the gas phase deposition of APS is fairly conformal at the temperatures at 

which surface-limiting behavior takes place. This is another key factor of an ALD process, in 

which any exposed particle surface with the ability to bond functional groups can be coated, 

including internal surfaces of porous substrates or agglomerates of nanoparticles 37. At 

150 °C, there is a significant difference between the fine powders and the large 

agglomerates indicating a non-conformal deposition of APS at this temperature. The fine 

powder, where primary particles are fully exposed to the gaseous precursors, show higher 

Reaction 
Temperature 𝑚𝑚𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆𝑇𝑇  �𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆

𝑛𝑛𝑚𝑚2� 𝐺𝐺𝐷𝐷𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠  �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝑆𝑆
𝑔𝑔 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

� TGA Mass 
Loss (%) 𝐺𝐺𝐷𝐷𝑒𝑒𝑥𝑥𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠 �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝑆𝑆

𝑔𝑔 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
� 𝐺𝐺𝐷𝐷𝑒𝑒𝑥𝑥𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠  �𝐴𝐴𝐴𝐴𝑆𝑆

𝑛𝑛𝑚𝑚2� 

150 °C 2.56 ± 0.07 0.85 ± 0.02 5.2 ± 0.8 0.97 ± 0.03 2.92 ± 0.09* 

200 °C 1.79 ± 0.03 0.59 ± 0.01 3.6  ± 0.2 0.51 ± 0.02 1.54 ± 0.06 

250 °C 1.05 ± 0.03 0.35± 0.01 3.8  ± 0.3 0.52± 0.02 1.57 ± 0.06 

*Since saturation was not achieved at 150 °C, the maximum achieved GD (10 min pulse time) is reported 
here. 
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APTES loadings at this temperature. Whereas, very large non-fluidized agglomerates may 

suffer from diffusion limitations of the gaseous precursors, thereby preventing a uniform 

and conformal deposition on each primary particle 31. It can be seen that this difference 

tends to be even greater as the reaction time increases, implying an increased 

inhomogeneity in the deposited layer with time. 
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Figure 5.6. TGA graphs for fine and agglomerated powders of all treated silica samples at different 
temperatures and reaction times 
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 Repetition of Amino-Silane/Water Cycles  

The above results showed that self-limiting APS layers can be deposited onto fluidized 

silica nanoparticles at 200 °C, reaching a grafting density of ca. 0.5 mmol/g silica after 

5 minutes. The saturation occurs inasmuch as there are no hydrolyzed ethoxy groups 

accessible anymore at a certain point for the unreacted silane to engage with. Therefore, it 

is expected that sequential APTES/water pulses through the fluidized silica nanoparticles 

would result in further growth of the deposited layer upon each cycle. 

The APTES grafting density is calculated from TGA data and plotted against the 

number of APTES/water cycles in Figure 5.7a. It is clear that increasing the number of cycles 

results in higher grafting densities of APTES. This confirms that the mechanism shown in 

Figure 5.1b is valid for the controlled deposition of the silane: by choosing the appropriate 

number of cycles, it is possible to reach the desired grafting densities. The above trend is 

also observed at atomic level as the elemental analysis results show in Figures 5.7b and 

5.7c: It is perfectly clear that the C and N content follow the same trend as the grafting 

density does. The C:N ratio decreases by increasing the number of cycles, as it is evident in 

Figure 5.7d. The C:N ratio for the unreacted APTES is 9, whereas ideal APS films can be 

characterized by a C:N ratio of 3, indicative of complete hydrolysis of APTES molecules, and 

replacement of all ethoxy groups with siloxane bonds. The C:N approaching 3 upon 

increasing cycles is indicative of a more complete hydrolysis of the precursor. 
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a. b.  

c.  d. 

Figure 5.7. a: APS grafting densities after 1, 3, 5 and 10 APTES/water cycles, at 200 °C , b: carbon, c: 
nitrogen content and d:  C:N ratio from elemental analysis 

The XPS spectra of silica samples modified by 10 APTES/water cycles are presented in 

Figure 5.8a along with the one of the untreated silica for comparison. The emergence of the 

peaks corresponding to C1s and N1s in the modified silica confirms the presence of APTES 

on the surface. The deconvoluted elemental fine scans in Figures 5.8b and 5.8c indicate the 

atomic environment and are dependent on the chemical bonds in the film. As expected, the 

N1s fine scan reveals that there are two peaks at 399.6 eV and 400.7 eV, indicative of C-N 

and N-H bonds, respectively 38-39. The C1s scan also exhibits two peaks, one at 285 eV 

representing C-C and C-H and at 286.1 eV corresponding to C-N bonds 38, 40. 
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Figure 5.8. a: XPS full spectra of the silica sample treated in 10 cycles compared to the untreated 
reference, b and c: the deconvoluted C1s and N1s elemental fine scans for the silica sample treated in 

10 cycles 

The atomic percentages of C and N as well as the C:N ratio of the silica modified in 

cycles are presented in Table  5.3, along with the modified silica reaching saturation after 5 

minutes of APTES pulse at 200 °C. It is clear that both, the carbon and the nitrogen atom 

content, increases on the surface of the nanoparticles upon increasing the number of cycles. 

While this is expected according to the previous test results, the increase in the carbon 

content should be less significant due to the hydrolysis and release of the ethoxy groups in 

a. 
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form of ethanol. This effect is manifested in the decrease in the C:N ratios which was also 

observed in Figure 5.7d. The fact that the C:N ratio is closing down to 3 upon increasing the 

number of cycles (Figure 5.9), indicates that a conformal APS layer has been formed on the 

silica nanoparticles, and crosslinked via horizontal siloxanation. 

Table  5.3. Atomic percentages of C and N from XPS, along with C:N ratios 

Silica Sample C (at%) N (at%) C:N 

Saturated w/o hydrolyzation 5.35 1.32 4.05 

1 Cycle 7.63 1.94 3.93 

3 Cycles 8.33 2.24 3.72 

5 Cycles 9.13 2.51 3.54 

10 Cycles 11.34 3.43 3.31 

 

 
Figure 5.9. C:N ratio of the silica modified in cycles 
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4 Conclusions 
 
Controlled deposition of APTES was performed on fumed silica nanoparticles in a 

fluidized bed. A self-limiting surface saturation, similar to an ALD process, was achieved 

when the reaction took place at 200 °C. The surface saturation occurring at this temperature 

was due to the absence of released water from the silica during the process, thus preventing 

oligomerization of the precursor.  With this self-limiting feature, and using water as co-

reactant, it was possible to hydrolyze the unreacted ethoxy groups in the deposited layer, 

and hence to chemically graft multiple layers of aminopropylsiloxane onto silica when 

sequential APTES/water cycles were performed on the fluidized nanoparticles. In this way, 

it was possible to reach a more complete coating. Increasing the number of cycles resulted 

in increasing the thickness of the deposited layer enabling for a controlled engineering of 

the surface of the functionalized nanoparticles. 
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Abstract 

Dielectric nanocomposites have shown considerable potential for high performance 

insulation applications. Tailoring the large interfacial areas induced by the nanoparticles is 

of great importance when developing insulating nanodielectrics. The introduction of 

electrically active functional groups to the surface of nanoparticles can create localized 

states at the interface, and alter the charge carrier transport and space charge formation 

within the nanocomposite (NC). Therefore, implementing changes in the electronic 

structure of the filler surface upon its functionalization can provide information about the 

alterations in macroscopic dielectric properties of the NC. In the present study, the 

electronic structure of silica nanoparticles modified with 3-aminopropyltriethoxysilane 

(APTES) is demonstrated using density functional theory (DFT) calculations. In order to 

confirm the DFT predictions, fumed silica nanoparticles are modified via a self-limiting 

process, similar to atomic layer deposition (ALD). Subsequently, the dielectric properties of 

NCs based on the modified silica and a polypropylene (PP) / ethylene-octene-copolymer 

(EOC) blend are investigated, and the effect of the amino functional groups on charge 

trapping and transport through the NCs is discussed. With a good correlation between DFT 

calculations and experimental data, we demonstrate that the APTES modified silica exhibits 

new localized states, a large density of valence states and a certain electron/hole 

distribution that can suppress the formation space charge at the filler-polymer interfaces. 
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1 Introduction 

So far, it has been shown that the presence of deep carrier traps at the interfaces can 

be beneficial for insulating nanocomposites (NCs), as they can suppress the formation of 

space charge under DC electric fields. Furthermore, deep traps can capture mobile carriers 

ultimately responsible for breakdown 1 and alter the distribution of space charge 2. By 

introducing electrically active moieties to the nanofiller surface, it is possible to engineer 

the filler-polymer interfaces, and alter charge carrier trapping and transport under high 

electric fields 3-5. In Chapter 3, 3-aminopropyltriethoxysilane (APTES) was used to modify 

the surface of silica NPs in solution. The presence of the amine functional groups induced 

deep trap states (with energy levels generally above 1 eV)  that suppressed the injection of 

space charge and reduced the overall charge carrier mobility in the studied polypropylene 

(PP) based nanodielectrics 6. These observations, and similar observations in other studies 7-

9, have led to the hypothesis that the amine functional groups may alter the electronic 

structure of the silica, resulting in such behavior. In order to understand the role of this 

polar functionality in alteration of charge trapping and space charge formation in NCs, it is 

crucial to have a closer look at the electronic properties of the silica surface, before and 

after modification. Density Functional Theory (DFT) is an accurate, efficient fundamental 

method for numerical computation of electronic, atomic and molecular structure of matter, 

by solvation of the time-independent Schrödinger’s equation 10. With the use of DFT, it is 

possible to calculate not only the ground state geometry of the studied model, but also the 

density of states (DOS) in the vicinity of the band-gap, related to the highest occupied 

molecular orbitals (HOMO), lowest unoccupied molecular orbitals (LUMO) and 

electron/hole trapping states in that structure. Nevertheless, to confidently confirm 

calculation results with experimental data, an accurate repeatable method for NP 

modification is needed. 

Atomic layer deposition (ALD) is a promising method to deposit conformal 

homogenous thin films onto organic and inorganic substrates, including NPs 11-14. ALD, 

relying on gas-solid surface reactions, can potentially address the common shortcomings of 

conventional solution methods, and enables outstanding control over the amount of 
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deposited material on the NPs 15-16. ALD offers self-limiting layer-by-layer growth of the 

deposited material, as opposed to other thin film techniques, such as chemical vapor 

deposition (CVD), which relies on simultaneous reaction of two precursors with the reactive 

surface 17. In the previous chapter, we demonstrated successful deposition of 

aminopropylsiloxane (APS) layers on fluidized silica NPs through sequential pulses of APTES 

and water as precursors. The self-limiting reaction observed in this process was similar to 

ALD processes, and allowed to deposit APS films on NPs in a controlled layer-by-layer 

fashion. 

In this chapter, firstly we demonstrate the electronic structure of APTES modified silica 

using density functional theory (DFT) results. The ground state geometry of the APTES-silica 

structure is presented, and its band structure is compared to the unmodified silica under an 

external electric field. To confirm DFT results experimentally, NCs based on a polypropylene 

(PP)/ethylene-octene-copolymer (EOC) blend are prepared, containing unmodified and 

APTES-modified silica NPs. The effect of the amine functional group on charge trapping and 

transport in the aforementioned NCs is investigated using thermally stimulated 

depolarization current (TSDC) measurements. In addition, to further analyze the dielectric 

response of the NCs with respect to the frequency of the applied field, broadband dielectric 

spectroscopy (BDS) is utilized. The morphological and crystalline structure of the studied 

NCs measured by differential scanning calorimetry (DSC) and scanning electron microscopy 

(SEM) techniques are discussed. 

2 Experimental Work 

 Silica Modification and Characterization 

Silica (AEROSIL 200, Evonik Ind., Germany) treatment was carried out in a fluidized bed 

reactor according to what was described in Chapter 5. We demonstrated that after 5 

minutes of APTES pulse time with a reaction temperature of 200 °C, the surface of silica NPs 

would be covered by a sub-monolayer of grafted APTES, with no reactive –OH groups 

accessible to the precursor, and thus, leading to surface saturation. Using water as the 

second precursor, it was possible to hydrolyze the unreacted ethoxy groups in the film, and 
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deposit consecutive layers of aminopropylsiloxane (APS) by pulsing 1, 3, 5 and 10 

APTES/H2O cycles through the fluidized bed, in separate experiments. The NPs were also 

treated at 150 °C in a non-self-limiting manner with only one pulse of APTES for 5 and 10 

minutes. This was done to evaluate the effect of this self-limiting deposition on the 

properties of the polymer/filler interface, and its influence on the dielectric properties of 

NCs. Thermogravimetric Analysis (TGA) was performed on the NPs using a TGA 550 (TA 

Instruments, USA). The measurements were done by heating 2-3 mg of the fine powder 

from room temperature to 850 with a rate of 20 °C/min under air atmosphere, while 

monitoring the mass of the sample. 

Diffuse Reflectance IR Fourier Transform Spectroscopy (DRIFTS) was performed as to 

the description given in Chapter 3.. 

 Preparation of the Nanocomposites 

NC samples were prepared according to the procedure and equipment described in 

Chapter 3.  

 Morphology and Crystallinity Analysis 

Scanning Electron Microscopy (SEM) and the subsequent image analysis were 

performed as described in Chapter 4. No gold sputtering was utilized for SEM sample 

preparation. Differential Scanning Calorimetry (DSC) was performed in accordance to the 

description in Chapter 3. 

 Thermally Stimulated Depolarization Current (TSDC) 

Details of the Thermally Stimulated Depolarization Current (TSDC) measurements 

were given in Chapter 3. 

 DC Conductivity 

The DC conductivity tests were performed on selected NCs. Injection molded NC 

samples were pressed using a Wickert compression molding machine (Germany) at 160 °C 

for 5 minutes to obtain films with thickness of ~120 µm.  Measurements were done under 

an electric field of 3 kV/mm applied at 70 °C with polarization time of 70 hours. The 
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equipment comprised of a high voltage DC source (FUG HCN 35 – 35000, Germany), a 

Keysight B2980A (USA) electrometer and a custom-built measurement cell. 

 Broadband Dielectric Spectroscopy (BDS) 

These measurements were performed according to what was described in 

Chapter 3. 

 Computational Details 

Density Functional Theory (DFT) calculations were carried out on three model 

structures (silica, APTES and APTES-grafted silica). The models were prepared using 

GaussView 6, and the quantum mechanical calculations were done by the Gaussian 09W 

package 18. The ground state geometry of each model at its minimum potential energy, 

depicted in Figure 6.1, was calculated utilizing the hybrid Becke three-parameter exchange 

correlation functional (B3LYP), with a split-valence double zeta basis set 6-31+G(d) to 

include polarization functions and long range interactions 19-21. All calculations were 

performed considering room temperature, and in the presence of an external electric field 

of 0.0001 au (~51.4 kV/mm). Total density of states (TDOS) and the band structure were 

calculated for each model using the multifunctional wavefunction analyzer Multiwfn 22. 

The optimized SiO2 structure (Figure 6.1a), is a silica protoparticle with Si-O bond 

lengths ranging between 1.58 Å and 1.74 Å, which is in accordance with other studies 23-25. 

Protoparticles are molecular clusters of silicon dioxide containing less than 10 to several 

thousands of silicon atoms, which then form primary particles through hydroxylation 26. It 

should be noted that silica protoparticles have non-uniform structures, with a wide 

distribution of structural and electronic parameters that may differ from those of the 

particles. However, it has been shown 27 that the distribution of such parameters for a set 

of simulated protoparticles lies within statistical range and is comparable to real particles. 

This would allow to translate their properties to the real situation. It is also noteworthy that 

the reaction of a geminal Si-OH to the silane is generally less likely than that of an isolated 

one 28. Nevertheless, a geminal silanol group is considered for this model so that the effect 
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of an unreacted silanol group is also taken into consideration regarding the electronic 

states.  

a. b. c. 

 

 

 

Figure 6.1. Three model structures considered for the quantum mechanical calculations: a: silica 
with silanol groups on both sides, b: APTES and c: APTES grafted silica with a germinal silanol group.  

(gray: silicon, red: oxygen, black: carbon, blue: nitrogen and white: hydrogen) 

3 Results and Discussions 

Disorders in the silica lattice structure can induce defect points with localized energy 

states. These states, depending on their energy relative to the band gap, contribute to the 

density of electron or hole traps in the silica lattice. This can be clearly seen in the TDOS 

curve of the unmodified silica in Figure 6.2. A rather large density of hole traps is observed 

at the tail of the valence band, inside the band gap. The TDOS also extends over 1.5 eV 

below the LUMO level. This indicates that the mere introduction of silica NPs to the 

dielectric material may introduce trapping states which can hinder the electrons and holes 

to move freely to the conduction and valence bands, respectively. The valence and 

conduction band offsets (∆𝐸𝐸𝑣𝑣 and ∆𝐸𝐸𝑠𝑠, respectively) between silica and APTES are rather 

large (~ 3.3 eV), and have the same sign. Grafting these two structures would create a 

situation where electrons accumulate on the lower energy side (silica), and holes on the 

other one (APTES) 29. Considering the LUMO and HOMO levels as the shallowest electron 

and hole traps, respectively, visualizing these MOs can indicate the distribution of electrons 

and holes in this structure (Figure 6.3). It is clear that the unoccupied MOs are located in 

the silica lattice, whereas the occupied MOs are observed near the silane modifying agent. 

In the presence of an external electric field, the induced potential would drive the electrons 

and holes to recombine, and create trapping induced conduction. The APTES molecule with 
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a large density of valence states close to the band gap can introduce new electronic states 

(hole traps) with energies within the band gap of the silica. The presence of these states 

around the APTES modifying agent can be seen in Figures 6.3c and 6.3d. Therefore, grafting 

APTES to the silica surface can further decrease the mobility of charges and contribute to 

the enhancement of the insulating properties of the system. The TDOS of APTES modified 

silica clearly indicates the existence of such states at the top range of the valence band, with 

the highest density of valence states residing 3.8 eV below the band gap. In addition, the 

electron traps at the tail of the conduction band in the APTES modified silica are slightly 

(0.6 eV) deeper than those of the untreated silica. This suggests that the electron traps are 

slightly shifted towards lower energies (deeper traps), when APTES is present on the 

surface. Since the band gap of the modified silica is significantly narrower than that of the 

untreated silica, the presence of these deep traps is crucial to maintain low carrier mobility 

under high electric fields. 

 

Figure 6.2. TDOS of the three studied model materials. ∆𝐸𝐸𝑣𝑣 and ∆𝐸𝐸𝑠𝑠 are band offsets of the two 
components: the difference between the valence and conduction band extrema in the band 

structures of silica and APTES. The lines matching each curve’s color represent the HOMO and LUMO 
levels for their respective models. 
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a.  b.  

c.  d.  

Figure 6.3. a: Lowest unoccupied molecular orbitals (LUMO) ; b: LUMO+1 ; c: highest occupied 
molecular orbitals (HOMO) and d: HOMO+1 visualized for the APTES grafted silica; (gray: silicon, 

light-red: oxygen, black: carbon, blue: nitrogen and white: hydrogen; the dark-red and green color of 
the MOs are related to the positive and negative wavefunctions, respectively) 

 

So far, based on the DFT results, we have established that the presence of APTES on 

the silica surface can induce new electronic states beneficial for the insulating properties of 

their corresponding NCs. To demonstrate this experimentally, a process similar to atomic 

layer deposition (ALD) is utilized to deposit layers of APTES on the silica NPs in a controlled 

fashion by sequential dosing of gaseous APTES and water into a fluidized bed. Figure 6.4 
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presents the aminopropylsiloxane (APS) grafting density on silica NPs at different numbers 

of APTES/H2O cycles.  

Figure 6.4. APS grafting density on silica NPs for different silica samples. The linear growth of the 
deposited film resembles the typical characteristic of an ALD process. 

The linear growth of the homogenous APTES film can be clearly observed. After 10 

APTES/H2O cycles, the NPs surface is covered with a density of over 3 APS/nm2. The lower 

reaction temperature in these cases results in oligomerization of APTES, likely due to the 

presence of water on the NPs surface upon ambient exposure prior to the deposition. 

Therefore, APTES at 150 °C does not deposit in a self-limiting manner, likely leading to less 

control over the thickness and homogeneity, as opposed to the APTES/H2O films which 

exhibit a saturating behavior, thus tending to be more homogeneously deposited over the 

reactive surface area of the NPs. The APTES depositions at 150 °C for 5 and 10 min lead to 

comparable grafting densities to APTES/H2O depositions at 200 °C after 1 and 10 cycles, 

respectively. This is also evident by the intensities of C-H and N-H bands in Figure 6.5a which 

are the highest in case of the samples with higher grafting densities. Despite the similar 

grafting densities, the deposition tends to be different when the APTES/H2O cycles are 

applied. This is manifested in the C-O stretching band at 1150-1250 cm -1. In the case of 

deposition at 150 °C, the higher intensity of the C-O band suggests that non-hydrolyzed 
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ethoxy groups from APTES are present in the deposited film. This is evidence of the higher 

number of dangling un-reacted ethoxy groups on the NP surface in this case compared to 

the APTES/H2O depositions. In case of the deposition at 150 °C, increasing the reaction time 

has resulted in further consumption of the phisysorbed and chemisorbed water on the silica 

surface after which more un-reacted ethoxy groups remain in the film. This is likely the 

reason for the higher intensity of the C-O band for the film deposited in 10 min. These 

observations indicate that the self-limiting deposition results in a more complete hydrolysis 

of the precursor, and reduces the number of dangling ethoxygroups. Furthermore, the 

growth of the film upon consecutive APTES/H2O cycles is clearly observed in Figure 6.5b as 

the gradual increase in the intensities of C-H and N-H bands. 

a. b. 

  

Figure 6.5. a: DRIFTS spectra of the NPs modified with and without the ALD-like cyclic approach, 
along with b: the spectra of the APTES/H2O modified NPs in different number of cycles. The DRIFTS 

spectrum of the untreated silica was presented in Chapter 5 
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Since the surface properties of the NPs directly affect their nucleating ability in the 

polymer matrix, differential scanning calorimetry (DSC) was performed to study the effect 

of such surface functionalization on the crystallization behavior of our studied NCs. While 

no significant difference is observed in the melting curves (Figure 6.6a), the crystallization 

behavior undergoes meaningful changes upon incorporation of silica and its 

functionalization (Figure 6.6b). Despite the expected nucleating effect of the NPs 30, the 

onset of crystallization slightly shifts to a lower temperature after addition of the untreated 

silica (Sample 0). It has been shown that the addition of a small concentration of CaCO3 NPs 

to PP does in fact decrease the onset of crystallization 31. So, there may be a minimum 

amount of NPs needed to effectively nucleate PP crystals, which may have not been 

achieved in our case with 1% of untreated silica. Nevertheless, the onset of crystallization 

increases by 5 to 10 °C upon functionalization of the NPs (see Table 6.1), indicating that 

despite the low concentration of the filler, the deposited APTES facilitates nucleation. The 

NPs modified at 150 °C have resulted in a higher onset of crystallization compared to the 

APTES/ H2O modified ones. This is likely due to the irregularities from the non-hydrolyzed 

ethoxy groups which resulted in an enhanced nucleation in these NCs. It is noteworthy that 

these changes are only observed in the crystallization peak of the PP phase, suggesting that 

the NPs are residing in the PP domains rather than in the EOC. All the APTES/H2O modified 

NCs exhibit very similar crystallization curves suggesting that the self-limiting deposition of 

aminopropylsiloxane networks on the NPs has resulted in similar nucleation processes in 

these NCs.  
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a. 
 

b. 
 

Figure 6.6. a: Melting curves (2nd melting) of all the studied samples. Two melting peaks are 
observed around 109 °C and 150 °C, which correspond to melting of the EOC and PP domains, 

respectively. b: Crystallization curves of the studied systems exhibiting two peaks. The EOC 
crystallization peak occurs at around 97 °C, and remains unchanged upon addition of the NPs and 

their surface functionalization. 
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Table 6.1. DSC characteristic parameters 

 Onset of 
Crystallization (°C) 

Enthalpy of Melting 
(J/g) 

Percentage of 
Crystallinity (%) 

Unfilled Blend 114 77.3 31 

Sample 0 112 74.9 30 

APTES, 150 °C, 5 min 120 73.2 29 

APTES, 150 °C, 10 min 122 78.1 32 

APTES/H2O, 200 °C, 1 Cycle 118 68.5 29 

APTES/H2O, 200 °C, 3 Cycles 117 70.1 30 

APTES/H2O, 200 °C, 5 Cycles 118 68.8 29 

APTES/H2O, 200 °C, 10 Cycles 117 69.2 29 

 

In order to compare the dispersion of NPs in the polymer matrix, SEM was performed 

on the NCs. It is clear in Figure 6.7 that the PP/EOC blend exhibits a two-phase morphology, 

with the EOC domains elongated in the direction of the flow in the mold while passing 

through the solidified envelope at the walls of the mold 6. It was also reported that the 

treatment of silica NPs with APTES results in the reduction of the mean NP aggregate size 

when treated in liquid phase. The same behavior is observed for the gas phase modified 

silica. A mean aggregate size of 160 nm is achieved with high grafting densities of APTES on 

silica (APTES_10 and 10 Cycles), whereas larger agglomerates were observed for low 

grafting density samples (APTES_5 and 1 Cycle). There is no significant difference between 

the dispersion of the APTES-modified silica at 150 °C and the APTES/H2O modified one at 

200 °C with the same grafting density. Moreover, as suggested by the DSC results, it is 

evident that the silica agglomerates are mostly located in the PP phase rather than EOC. 

This is likely due to the difference in the melt viscosities of the two phases, leading the silica 

to reside in the PP phase with lower melt viscosity 32 33. 
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Figure 6.7. SEM images of NCs containing silica samples with self-limiting (1 and 10 cycles) and non-
self-limiting modifications, along with the particle size histograms obtained from image processing 

software ImageJ with trainable Weka segmentation plugin 34. The two polymer domains can be 
distinguished in the images. 
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The TSDC spectra of NCs filled with these silica samples, in comparison with the 

spectra of the unfilled blend and the NC with untreated silica, are depicted in Figure 6.8a. 

The trap level and density distribution are numerically calculated from the TSDC data, using 

a method reported by Tian et al. 35, and presented in Figure 6.8b. The TSDC spectrum of the 

unfilled polymer blend exhibits a relaxation peak at 74 °C, which indicates the existence of 

traps with a distribution of depths around 0.98 eV (see Figure 6.8b). These are likely charges 

released from the interfacial regions between the two polymer domains, or the 

crystalline/amorphous interfaces within either polymer phase. Upon incorporation of the 

silica (Sample 0), the peak trap density appears at a slightly deeper level compared to the 

unfilled blend. Evidently, introducing the amino-functionalized NPs tends to create even 

deeper states compared to the reference Sample 0, which is also well in-line with the DFT 

prediction. In addition, increasing the number of APTES/H2O cycles results not only in a shift 

of the trap energies to higher (deeper) levels, but also a suppression of the occupied trap 

densities. The shifting of the traps to deeper levels upon NP modification in 10 cycles has 

also resulted in a reduced DC conductivity (5.83 x 10-16 S/m), compared to the Sample 0 

(3.38 x 10-15 S/m) and the unfilled blend (1.5 x 10-15 S/m). 
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a. 
 

b. 

 

Figure 6.8. a: TSDC spectra and b: trap level distribution and density for all NCs and the unfilled 
reference. 
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a. 
 

b.  

Figure 6.9. a: current density and b: amount of injected charge during the poling step for all NCs and 
the unfilled reference. 
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filler-polymer interfaces. Moreover, deposition of APTES onto the silica NPs has resulted in 

lower current densities during the poling step of the TSDC test (Figure 6.9a). In the case of 

higher grafting densities of APTES, a quasi-steady state is achieved after about 150 s, 

whereas the reference samples exhibit a decreasing current density throughout the whole 

polarization step. This is indicative of a rapid generation and recombination of charge at the 

beginning of the poling when the amine functional group is present at the filler-polymer 

interface. This is likely due to the created potential at the silica-APTES heterojunction, as 

discussed earlier. For the same reason, lower space charge is expected to accumulate at the 

interfaces in the modified samples. Figure 6.9b represents the amount of injected charge 

during the poling step for all the samples. The decrease of injected charge upon increasing 

the number of APTES/H2O cycles is clearly seen. Since the self-limiting deposition has 

resulted in a lower density of occupied traps, a relatively lower injection of charge is 

observed compared to the non-self-limiting cases with similar grafting densities. This may 

also be related to the presence of even deeper traps in the system which capture the charge 

and prevent further injection of the charges. It is worthwhile to mention that even though 

the presence of deep trapping states and lower space charge accumulation seems counter-

intuitive, a low density of deep traps, when occupied, can evidently hinder injection of 

electrons to the sample and reduce the formation of space charge. 

Dielectric spectroscopy is a powerful tool to obtain information about material 

responses to an alternating electric field. The variations in real and imaginary parts of 

permittivity with respect to the frequency of the applied field can then be attributed to 

different polarization processes within the material. Considering Figures 6.10a and 6.10b, it 

is clear that at frequencies higher than 1 Hz, little difference is observed in the real and 

imaginary permittivity of the unfilled blend and the NCs. In the low frequency range, 

however, the unfilled blend and Sample 0 exhibit a steep rise in both parts of permittivity. 

In general, this is attributable to either the relaxation of big dipolar species with relatively 

long relaxation times, or the presence of Maxwell-Wagner (space charge) relaxations 36. The 

former is not likely to occur for we are dealing with a non-polar polymer matrix. Since the 

BDS data were taken after the TSDC, these low frequency variations can be related to the 

relaxation of space charge in the material accumulated during the TSDC test. It is clear that 
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upon introduction of the silica, both bare and functionalized, this low frequency rise is 

suppressed to the point where only a marginal increase is observed for the 10 cycles sample. 

This behavior was also observed in the TSDC space charge relaxation peak (Figure 6.8a): 

charge injection was mitigated due to the presence of deep traps, thus the space charge 

related permittivity increase at low frequencies is not observed. Comparing different 

modified samples in Figure 6.10c, it is evident that increasing the number of APTES/H2O 

cycles has resulted, in general, in higher values of real permittivity. APTES depositions at 

150 °C exhibit lower real permittivities compared to the APTES/H2O depositions at 200 °C, 

despite similar grafting densities. Real permittivity is directly related to the number of 

polarizable species in the system. In case of depositions at 150 °C, APTES may have formed 

larger oligomers due to the uncontrolled release of water, resulting in an overall lower 

number of polarizable species in the material. The APTES deposition at 150 °C also exhibits 

a wider range of APTES chain lengths compared to the APTES/H2O depositions at 200 °C as 

observed in the Cole-Cole plot (ε” vs ε’) presented in Figure 6.10e. For a dielectric with a 

single relaxation time, the Cole-Cole plot would exhibit a semi-circle, indicating a Debye-like 

relaxation 37. Generally, polymer blends do not follow Debye’s relaxation function, except 

at very high frequencies where the relaxation rate can be considered constant 38. 

Expectedly, a deviation from such behavior is observed in the Cole-Cole spectra of our 

studied NCs at low frequencies. The extent of this deviation, however, is not the same for 

all the cases. With 10 APTES/H2O cycles at 200 °C, this deviation tends to be less pronounced 

compared to the deposition at 150 °C for 10 min with a similar grafting density. This suggests 

that a narrower range of APTES chain lengths are grafted onto the silica in case of 

APTES/H2O deposition. Another reason for this low frequency variation, as mentioned 

before, is the presence of space charge relaxations which is also observed in the imaginary 

permittivity in Figure 6.10d at frequencies lower than 1 Hz. The self-limiting deposition 

tends to decrease the space charge polarizations at the filler-polymer interfaces. This is 

more clearly seen comparing the APTES deposition at 150 °C for 10 min and the 10 cycle 

APTES/H2O one at 200 °C. Also, the higher the number of APTES/H2O cycles, the lower the 

low frequency rise of the imaginary permittivity, and therefore, lower susceptibility for 

space charge formation. 
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c.  

d.  

10-2 10-1 100 101 102 103 104 105 106
2.52

2.54

2.56

2.58

2.60

2.62

2.64

2.66

2.68

2.70
 APTES, 150 °C, 5 min  APTES/H2O, 200 °C, 3 Cycles
 APTES, 150 °C, 10 min  APTES/H2O, 200 °C, 5 Cycles
 APTES/H2O, 200 °C, 1 Cycle  APTES/H2O, 200 °C, 10 Cycles

R
ea

l P
er

m
itt

iv
ity

 (ε
′)

Frequency (Hz)

10-2 10-1 100 101 102 103 104 105 106

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14  APTES, 150 °C, 5 min
 APTES, 150 °C, 10 min
 APTES/H2O, 200 °C, 1 Cycle
 APTES/H2O, 200 °C, 3 Cycles
 APTES/H2O, 200 °C, 5 Cycles
 APTES/H2O, 200 °C, 10 Cycles

Im
ag

in
ar

y 
Pe

rm
itt

iv
ity

 (ε
″)

Frequency (Hz)



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 155PDF page: 155PDF page: 155PDF page: 155

C H A P T E R  6                                               P a g e  | 155 

Figure 6.10. a, b: Real and imaginary parts of permittivity for the unfilled blend compared to NC’s 
with modified and non-modified silica. c, d: Real and imaginary parts of permittivity for the different 

samples with modified silica. e: Cole-Cole plot of different modified samples 

Complementing the DFT results, BDS and TSDC provide further evidence that the 

amino functionalized silica NPs induce deep trapping states that when occupied can 

suppress the further injection of charge and formation of space charge in the presence of 
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4 Conclusions 

Using density functional theory (DFT) calculations, we demonstrated the alterations 

in the electronic structure of the silica when modified with an electrically active amino 

functional group. The silica/APTES heterojunction exhibited a large density of valence states 

and a unique electron/hole distribution; when subjected to an external electric field, it can 

suppress the formation of space charge in the NCs. To confirm the DFT results 

experimentally, APTES was grafted onto silica NPs via a process analogous to atomic layer 

deposition (ALD) in a controllable layer-by-layer fashion. Thermally stimulated 

depolarization current (TSDC) and broadband dielectric spectroscopy (BDS) measurements 

were utilized to investigate the charge trapping and transport phenomena in the studied 

NCs. The DFT predictions were in good accordance with the experimental results. A low 

density of deep trapping states was introduced upon modification of the NPs with APTES 

which resulted in a lower current density and DC conductivity. Moreover, APTES/H2O cyclic 

deposition at 200 °C, which resulted in a self-limiting growth, delivered a narrower 

distribution of relaxation times and a reduced density of carrier traps on the silica surface. 

Due to the reduced density of traps and the lower space charge relaxations, these NC 

systems can be beneficial for designing long-lasting high voltage insulation systems. 
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Abstract 

Molecular layer deposition (MLD) is a robust method that is able to deposit organic 

layers onto substrates as well as nanoparticles in a layer by layer fashion. MLD utilizes self-

limiting reactions of two or more precursors with an active surface, and chemically grafts 

the desired material by consecutive dosing of each precursor. Accordingly, the feasibility of 

this method is evaluated for modifying the surface of fumed silica nanoparticles in a 

fluidized bed reactor. Phenyldiisocyanate (PDIC) and ethylenediamine (ED) are used as 

precursors. After verification of the self-limiting feature, different number of MLD cycles are 

applied to grow polyurea films on silica in a controlled manner. This type of surface 

modification enables outstanding control over the chemical composition of the deposited 

layer, which can be beneficial for tailoring the interfacial properties in dielectric 

nanocomposites. 
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1 Introduction 

Functionalization of particle surfaces is commonly done via sol-gel techniques in liquid 

phase 1-3. However, liquid phase processes result in inconsistent uncontrollable coatings. 

Moreover, they often tend to be relatively complex, resources and time-consuming due to 

the solvent/precursor waste and the need for separation processes after the reaction 4. 

Therefore, vapor-phase processes are preferable for depositing conformal organic layers on 

solid surfaces in an efficient way. Chemical vapor deposition (CVD) is the most common 

vapor phase method for functionalizing surfaces, where reactive gaseous precursors are 

delivered to the reactor simultaneously 5. However, CVD depositions tend to be non-

conformal as this method offers no control over the thickness of the coating, yielding 

potential batch-to-batch variations. To overcome this issue, Yoshimura et al. introduced 

Molecular layer deposition (MLD) in the 1990s, as a robust film growth technique that is 

capable of depositing organic layers on substrates in a controlled manner 6. Similarly to its 

inorganic counterpart, atomic layer deposition (ALD), MLD utilizes self-saturating reactions 

between bifunctional precursors to grow organic films on solid surfaces in a layer-by-layer 

fashion 7. In particular, the target surfaces are coated via sequential pulses of the gaseous 

precursors, separated by a purging step with an inert gas, to minimize the uncontrolled CVD 

reactions in the reactor. Various studies have focused on depositing polymer MLD films on 

a variety of substrates 8-14. However, the applicability of this approach has not been 

extensively studied on nanoparticles. Most recently, La Zara et al. reported MLD of ultrathin 

poly (ethylene terephthalate) (PET) films on TiO2 nanoparticles to suppress their 

photoactivity and enhance their dispersibility 15. In another study, Gil-Font et al. 

demonstrated successful deposition of PET MLD films on tin nanoparticles, to improve their 

dispersibility in a thermal oil for an enhanced heat transfer 16. 

The controllability of MLD enables conformal reproducible depositions on the 

nanoparticles, which is of great importance in nanocomposite applications where the 

interface between the nanoparticle and the host polymer matrix determines the 

performance of the material 17. It was shown in the previous chapter that a conformal 

coating of nanoparticles is preferred, as it reduces the irregularities and dangling bonds on 
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the filler and hence the occupied trap density. Furthermore, chemical grafting of electrically 

active moieties as an effective approach to alter charge trapping properties in dielectric 

nanocomposites, is also possible through MLD. Accordingly, polyurea is a good candidate to 

be deposited on the nanoparticles, as its backbone contains amide and phenyl functional 

groups susceptible to alter the electronic structure of the filler surface in favor of the 

dielectric properties. While MLD was utilized to deposit polyurea films on flat silica 

substrates 18-22, it has not yet been applied on nanoparticles in fluidized beds. 

 In this chapter, polyurea films are deposited on fumed silica nanoparticles using 

fluidized bed molecular layer deposition for the first time. The MLD process is carried out in 

a vibrating fluidized bed reactor to ensure efficient exposure of the reactive silanol groups 

on the nanoparticles (NPs) to the gaseous precursors. Phenyldiisocyanate (PDIC) and 

ethylenediamine (ED) are used as precursors (see Figure 7.1). Since PDIC can readily react 

with silanol groups on the silica 20, no pre-treatment is necessary prior to the MLD process. 

The formation of urea segments can proceed by sequential dosing of the two precursors 

into the fluidized bed using nitrogen as the carrier gas. Thermogravimetric Analysis (TGA) is 

used to verify the self-limiting behavior of the process, and to quantify the amount of 

organic matter deposited on the NPs. Diffuse Reflectance Fourier Transform IR 

spectroscopy  DRIFTS) and X-Ray Photoelectron Spectroscopy (XPS) are utilized to confirm 

the chemical composition of the deposited polyurea films.  
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Figure 7.1. The chemical structures of PDIC and ED and the resulting urea units on the silica 
nanoparticles 
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2 Experimental Work 

 Materials 

AEROSIL 200 silica nanoparticles (primary particle size of 12nm, specific surface area 

of ∼ 200 m2/g), with high purity and low moisture content, was received from Evonik 

Industries, Germany. The NPs were kept in an oven over night at 120 °C to remove the 

physisorbed water. Phenyldiisocyanate (PDIC) and ethylenediamine (ED) (Sigma Aldrich, 

Germany) were used without any additional purification. Precursors were weighed and 

placed into stainless steel bubblers inside a glove box under inert environment. Mineral oil 

Kaydol (Sonneborn, USA) and sodium hydroxide (ABCR, Germany) were used in washing 

bubblers in the MLD setup. KBr (99+%, FTIR grade, Harrick Scientific Corporation, USA) was 

used as received, to prepare samples for DRIFTS measurements. 

 MLD Experiments 

The MLD experiments were performed in a fluidized bed reactor operating at 

atmospheric pressure. The reactor included a glass column with an internal diameter of 2.5 

cm and height of 25cm  placed on top of a Paja PTL 40/40-24 (Netherlands) vibration table, 

to enhance the fluidization of the silica NPs. In order to homogenize the gas flow through 

the column, and to avoid any powder loss from the top of the reactor, two stainless steel 

distributor plates were placed at the two ends of the column. The precursors were kept in 

separate stainless steel bubblers, under inert nitrogen atmosphere, and heated using a 

heating tape. PDIC is solid below 96 °C; to increase the vapor pressure, the bubbler was 

heated to 110 °C. The ED bubbler was kept at room temperature due to its high vapor 

pressure (10 mmHg at 20 °C). Precursors were carried into the reactor by a nitrogen flow 

(99.999 v/v%) passing through the bubblers. Three separate gas lines, two for precursor 

dosing and one for the nitrogen purge, were connected to the reactor. This arrangement 

ensures pure dosing of each precursor, and eliminates unwanted CVD reactions inside the 

lines. The lines were heated to and kept at 140 °C to prevent condensation and under-

delivery of gaseous precursors. The reaction temperature in the column was set at 150 °C 

by means of a feedback-controlled infrared lamp, mounted parallel to the column. The bed 
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temperature was monitored using a type-K thermocouple inserted into the bottom of the 

column. The exiting gas was sent from the top of the reactor through a series of washing 

bubblers, containing mineral oil (Kaydol) and sodium hydroxide (NaOH) to capture 

unreacted precursors and process by-products. All the reactor constituents were contained 

inside a closed cabinet. In each experiment, 2 g of SiO2 powder was placed in the column. 

Each MLD cycle started with a PDIC pulse, followed by an ED pulse through the fluidized 

bed, with nitrogen purging in between and at the end. The pulse times were first optimized 

to reach surface saturation. The details of the optimization experiments are depicted in 

Table 7.1. After verifying the MLD saturation behavior, the growth of the deposited film was 

analyzed after 2, 5, 10 and 25 cycles using the optimal pulse times. 

Table 7.1. Reaction conditions to verify the MLD growth of polyurea on silica nanoparticles 

Experiment 
PDIC pulse 
time (min) 

N2 purging 
time (min) 

ED 
pulse time 

(min) 

PDIC 
T

bubbler
 (°C) 

ED 
T

bubbler
 (°C) 

T
reaction

 (°C) 

1 0.5  

2 

110 30 150 

2 1 

5 

3 2 

4 3 

5 5 

6 

1 

0.5 

7 1 

8 2 

9 3 

10 5 
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 Thermogravimetric Analysis 

In order to verify the MLD growth and quantify the polyurea coating, 

Thermogravimetric Analysis (TGA) was performed using a TGA/SF1100 STARe system 

(Mettler Toledo, USA). The measurements were done by heating 2-3 mg of the fine powder 

from room temperature to 850 °C with a rate of 20 °C/min under air atmosphere, while 

monitoring the mass of the sample. We considered the mass loss in the temperature range 

of 200-350 °C to be related to the removal of polyurea chains (see Figure 7.2). With this 

assumption, one can calculate the polyurea loading (𝜐𝜐), from the TGA mass loss, using 

Equation 7-1: 

𝜐𝜐 �𝑢𝑢𝑟𝑟𝑒𝑒𝑠𝑠 𝑚𝑚𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚𝑒𝑒𝑟𝑟
𝑛𝑛𝑚𝑚2 � =

103 × 𝑁𝑁𝐴𝐴
𝑀𝑀𝑊𝑊 × 𝐴𝐴𝐴𝐴

 (
∆𝑊𝑊

100𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑚𝑚 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 − ∆𝑊𝑊
) 

(Equation 7-1) 

𝜐𝜐 : Polyurea loading as the number of urea segments deposited per unit surface area 

∆𝑊𝑊: TGA mass loss (g) between 200-350 °C 

𝑀𝑀𝑊𝑊: Molecular weight of a single urea segment from one PDIC/ED cycle (220 g/mol) 

𝐴𝐴𝐴𝐴: average surface area of the nanoparticles (200 m2/g) 

𝑁𝑁𝐴𝐴: Avogadro constant 

 DRIFTS 

To confirm the polyurea deposition and its self-limiting growth, Diffuse Reflectance IR 

Fourier Transform Spectroscopy (DRIFTS) was utilized according to what was described in 

Chapter 3. 

 XPS Measurements 

X-ray Photoelectron Spectroscopy (XPS) was conducted according to what was 

described in Chapter 3. 
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 EFTEM 

Transmission Electron Microscopy (TEM) with Energy-Filtering mode (EFTEM) was 

done on the silica nanoparticles, using a Philips CM300ST-FEG Transmission Electron 

Microscope in order to visualize the MLD deposited polyurea films on the silica. 

 Computational Details 

Density Functional Theory (DFT) calculations were carried out on two model 

structures: a silica protoparticle with silanol groups on both sides, and an urea segment 

from the reaction between PDIC and ED, grafted to a silanol group. The models were 

prepared using GaussView 6, and the quantum mechanical calculations were done by the 

Gaussian 09W package 23. The ground state geometry of each model at their minimum 

potential energy was calculated by solvation of the time-independent Schrödinger 

equation, utilizing the hybrid Becke three-parameter exchange correlation functional 

(B3LYP), with a split-valence double zeta basis set 6-31+G(d) to include both polarization 

functions and long range interactions 24-26. All calculations were performed considering 

room temperature and in the presence of an external electric field of 0.0001 au (~51.4 

kV/mm). Total density of states (TDOS) and the band structure of the models were 

calculated by means of the multifunctional wavefunction analyzer Multiwfn 27. 

3 Results and Discussion 

The key characteristic of an MLD process is the self-limiting, layer-by-layer growth of 

the organic film. We evaluated the possibility of depositing polyurea, in a self-saturating 

fashion, on silica nanoparticles. TGA and DRIFTS were utilized to verify this self-limiting 

behavior and to quantify the amount of deposited organic matter on the NPs. The TGA 

thermograms of the nanoparticles modified with different precursor pulse times, along with 

that of the untreated silica, are presented in Figure 7.2. 
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Figure 7.2. Thermograms of modified silica nanoparticles with different a: PDIC and b: ED pulse 
times, alongside with the thermogram of the bare SiO2 nanoparticles 
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The major mass loss between 200-350 °C is related to the removal of polyurea chains 

from the NP surface. For PDIC pulse times longer than 1 min, there is an additional mass 

loss step between 550-650 °C related to the decomposition of carbonaceous char produced 

during the first decomposition step. This is more likely when there is an abundance of 

aromatic groups in the film due to the physisorption of PDIC, which is supported by the 

emergence of the isocyanate band at 2280 cm-1 in the DRIFTS spectrum after 5 minutes of 

PDIC pulse (Figure 7.4a) . This also suggests that after 1 min of PDIC pulsing, the film growth 

may proceed via CVD reactions that prevent saturation. This is a common case for low vapor 

pressure “sticky” precursors such as PDIC, for which a longer purging time is required to 

remove the unreacted molecules from the reactor 10, 19, 28. The deviation from saturation in 

Figure 7.3a can be, therefore, attributed to the physisorption of PDIC onto the NPs, affecting 

the mass loss measured by TGA. Nevertheless, the urea chains do exhibit a self-limiting 

growth with saturation time of 1 min for both precursors as seen in Figure 7.4b. This is 

confirmed by calculating the area under the amide I and amide II DRIFTS bands, 

characteristic to the urea units, emerging at 1650 cm-1 and 1510 cm-1, respectively. With 

the self-limiting behavior being confirmed, we verified the linear evolution of the polyurea 

MLD growth, using the dosing time of 1 min for both precursors. Separate experiments were 

done at 2, 5, 10 and 25 PDIC/ED cycles, and the results (Figure 7.3c) clearly indicate the 

linear growth of the polyurea films, with an approximate GPC of 0.5 segments per unit area. 
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Figure 7.3. Polyurea film growth at different a: PDIC and b: ED pulse times, along with c: 
demonstration of the linear growth of the film at different number of cycles (The fitted line is to 

guide the eye). 
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Figure 7.4c demonstrates the DRIFTS spectra for the polyurea-coated NPs in different 

cycles compared to the untreated silica and the DFT calculated spectrum. On account of 

computational practicality, the DFT calculations were performed on a single urea segment 

attached to a silanol group on silica. The amide I and amide II bands are characteristic to 

the urea segments, emerging at 1650 cm-1 and 1510 cm-1, respectively. All the bands related 

to the polyurea film, i.e. the amide I and amide II modes, the N-H and C-H stretch and the 

CH2 wagging increase significantly upon increasing the number of MLD cycles. At 25 cycles, 

a band emerges at 2280 cm-1 related to the isocyanate groups, and is indicative of unreacted 

PDIC molecules that were not purged from the reactor. This band is not observed at lower 

MLD cycles which implies that at least until 10 cycles, the PDIC has completely reacted to 

form urea segments. It is also noteworthy that the isolated silanol band at 3750 cm-1 

completely vanishes after 10 MLD cycles, which is due to their chemical attachment to the 

urea groups. Comparing the experimental and the DFT calculated spectra, except for a few 

discrepancies due to the DFT model simplification, bands are in good accordance with the 

experimental spectra. These differences between the model and experimental spectra stem 

from the intramolecular interactions in the film. For instance, the N-H stretching band 

observed at 3400 cm-1 in the calculated spectrum has been red-shifted and broadened in 

the experimental spectra. This is likely due to the different levels of hydrogen bonding 

between the N-H groups and the carbonyl oxygen of the adjacent chains, which has also 

been reported in previous works on polyurea films 19, 29.  
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b.  

c.  

Figure 7.4. a: DRIFTS spectra for the saturation experiments with different precursor pulse times b: 
the integrated Kubelka-Munk (KM) amide I and amide II bands, and c: spectra of the polyurea coated 

NPs in different MLD cycles compared to the untreated silica and the DFT calculated spectrum 

The XPS spectra of the modified silica after 10 MLD cycles is compared to the bare SiO2 

in Figure 7.5. The emergence of N(1s) and C(1s) bands for the treated nanoparticles in Figure 

7.5a confirms the presence of the polyurea chains on their surface. The atomic percentages 

presented in Table 7.2 show the gradual increase of carbon and nitrogen contents with the 

number of cycles. For an ideal polyurea film from PDIC/ED, the stoichiometric C:N:O ratio 
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should be 5:2:1. This ratio tends to be rich in oxygen for the MLD films with less than 10 

cycles, which is due to the contribution of oxygen from the underlying SiO2.. For the 10 cycle 

sample, the C:N:O ratio reaches 4.7:1.8:1, which signifies the close to ideal coverage of 

polyurea film on the nanoparticles after 10 cycles. The C:N ratio, however, is in good 

accordance with the theoretical ratio of 2.5 for an urea unit, regardless of the number of 

cycles. The elemental fine scans (Figures 7.5b, 7.5c and 7.5d) verify the chemical 

composition of the polyurea film. The N(1s) scan exhibits one single peak at 399.7 eV, 

representative of the C-N bonds in the urea units. The O(1s) fine scan is de-convoluted into 

two peaks at 530.4 eV and 532.5 eV, which are indicative of oxygen atoms in the carbonyl 

groups and silica, respectively. The C(1s) fine scan reveals three peaks: the one with the 

lowest binding energy at 284.4 eV can be attributed to the carbons from the electron-rich 

aromatic groups. The peak at 285.7 eV results from the alkyl carbons, and the highest 

binding energy peak at 288.5 eV is indicative of carbons from the carbonyl groups. The 

theoretical ratio of the three types of carbon i.e. aromatic/alkyl/carbonyl in the urea 

segments is 3:1:1, and our deposited film at 10 cycles exhibits a ratio of 2.1:1.1:1. The 

shortage of the aromatic carbons compared to the theoretical ratio is likely due to the 

growth of the urea groups from the aromatic rings 19. The substituted carbons are, 

therefore, chemically shifted by the urea towards higher binding energies, which leads to 

the expected peak ratio to be 2:2:1 rather than 3:1:1. 
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Figure 7.5. a: XPS full spectra of the NPs treated in 10 cycles compared to the untreated reference, 
b:, c: and d: the deconvoluted N(1s) and O(1s) and C(1s) elemental fine scans for the silica sample 

treated in 10 cycles 
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Table 7.2. Atomic percentages (at %) of C, N, O, C:N:O and C:N ratios for NPs treated at different 
number of cycles 

 

Figure 7.6 presents transmission electron microscopy (TEM) images visualizing the 

spatial distribution of the deposited MLD films on the nanoparticles.  The primary particles 

are distinguishable in the fumed silica clusters, and the carbon mapped images show the 

deposited polyurea film on their surface. Increasing the number of cycles, in general, has 

resulted in more coverage of the surface as at 25 cycles very sharp carbon coated areas are 

observed on the nanoparticles. 

 

 

 

 

 

 

 

 

 

 

Number of 
MLD Cycles 

C (at %) N (at %) O (at %) Si (at %) C : N : O C:N 

2 Cycles 7.01 ± 0.08 2.81 ± 0.23 62.69 ± 0.47 27.38 ± 0.42 2.5 : 1 : 2.8 2.49 

5 Cycles 17.96 ± 0.57 7.33 ± 0.21 52.06 ± 0.43 22.61 ± 0.03 2.6 : 1.07 : 1 2.45 

10 Cycles 27.87 ± 0.12 11.71 ± 0.82 42.25 ± 0.35 18.16 ± 0.82 4.7 : 1.8 : 1 2.38 

25 Cycles 44.42 ± 5.16 17.79 ± 2.17 27.37 ± 4.55 10.41 ± 2.8 6.8 : 2.7 : 1 2.5 
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10 Cycles 
e. f. 

 
 

25 Cycles 
g. h. 

  

Figure 7.6. a, c, e, g: carbon and silicon mapping of the captured images (green: C, red: Si);  b, d, f 
and h: TEM images of the NPs.  
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The above results prove the feasibility of molecular layer deposition of polyurea on 

silica nanoparticles. The deposited urea units, containing amide and phenyl functional 

groups in their structure, are prone to introduce new localized states at the filler-polymer 

interfaces when dispersed in the nanocomposite.  These localized states, depending on 

their depth and density can be of benefit in developing high performance insulating 

materials. The dielectric performance of the nanocomposites filled with urea-modified 

nanoparticles will be elaborated in the next chapter. 

4 Conclusions 

We have successfully demonstrated the successful deposition of polyurea films on the 

surface of fumed silica nanoparticles via molecular layer deposition (MLD), using 

phenyldiisocyanate (PDIC) and ethylenediamine (ED) as precursors. The key characteristics 

of an MLD process i.e. self-limiting behavior and linear film growth rate, were verified using 

TGA and DRIFTS. DRIFTS spectra demonstrate the characteristic bands of urea segments, 

well in-line with the DFT calculated spectrum, with increasing intensities with the number 

of MLD cycles. The atomic percentages measured by XPS show great accordance with the 

stoichiometric ratios, and three distinct types of carbon, namely aromatic, alkyl and 

carbonyl, are detected in the film, as expected. The resulted modified nanoparticles can find 

application in nanodielectrics as they are endowed with electrically active functional groups 

on their surface, and prone to introduce new localized states to the filler-polymer 

interfaces. 

 

 

 

 



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 182PDF page: 182PDF page: 182PDF page: 182

C H A P T E R  7                                               P a g e  | 182 
 

References 

[1] Brinker, C. J.; Scherer, G. W., Sol-gel science: the physics and chemistry of sol-gel 
processing Academic press: 2013;  
[2] Alimardani, M.; Razzaghi-Kashani, M.; Karimi, R.; Mahtabani, A., Contribution Of 
Mechanical Engagement And Energetic Interaction In Reinforcement Of SBR-Silane Treated 
Silica Composites. Rubber Chemistry and Technology, 89 (2), 2016, pp 292-305. 
[3] Vansant, E. F.; Van Der Voort, P.; Vrancken, K. C., Characterization and chemical 
modification of the silica surface Elsevier: 1995; Vol. 93. 
[4] Lazghab, M.; Saleh, K.; Guigon, P., Functionalisation of porous silica powders in a 
fluidised-bed reactor with glycidoxypropyltrimethoxysilane (GPTMS) and 
aminopropyltriethoxysilane (APTES). Chemical engineering research and design, 88 (5-6), 
2010, pp 686-692. 
[5] Powell, Q. H.; Fotou, G. P.; Kodas, T. T.; Anderson, B. M.; Guo, Y., Gas-phase coating 
of TiO 2 with SiO 2 in a continuous flow hot-wall aerosol reactor. Journal of Materials 
Research, 12 (2), 1997, pp 552-559. 
[6] Yoshimura, T.; Tatsuura, S.; Sotoyama, W., Polymer films formed with monolayer 
growth steps by molecular layer deposition. Applied Physics Letters, 59 (4), 1991, pp 482-
484. 
[7] Van Bui, H.; Grillo, F.; Van Ommen, J., Atomic and molecular layer deposition: off 
the beaten track. Chemical Communications, 53 (1), 2017, pp 45-71. 
[8] George, S. M.; Yoon, B.; Dameron, A. A., Surface Chemistry for Molecular Layer 
Deposition of Organic and Hybrid Organic−Inorganic Polymers. Accounts of Chemical 
Research, 42 (4), 2009, pp 498-508. 
[9] Kao, C.-Y.; Yoo, J.-W.; Min, Y.; Epstein, A. J., Molecular Layer Deposition of an 
Organic-Based Magnetic Semiconducting Laminate. ACS Applied Materials & Interfaces, 4 
(1), 2012, pp 137-141. 
[10] Du, Y.; George, S., Molecular layer deposition of nylon 66 films examined using in 
situ FTIR spectroscopy. The Journal of Physical Chemistry C, 111 (24), 2007, pp 8509-8517. 
[11] Shao, H.-I.; Umemoto, S.; Kikutani, T.; Okui, N., Layer-by-layer polycondensation of 
nylon 66 by alternating vapour deposition polymerization. Polymer, 38 (2), 1997, pp 459-
462. 
[12] Kubono, A.; Yuasa, N.; Shao, H.-L.; Umemoto, S.; Okui, N., In-situ study on 
alternating vapor deposition polymerization of alkyl polyamide with normal molecular 
orientation. Thin Solid Films, 289 (1-2), 1996, pp 107-111. 
[13] Kim, A.; Filler, M. A.; Kim, S.; Bent, S. F., Layer-by-layer growth on Ge (100) via 
spontaneous urea coupling reactions. Journal of the American Chemical Society, 127 (16), 
2005, pp 6123-6132. 
[14] Putkonen, M.; Harjuoja, J.; Sajavaara, T.; Niinistö, L., Atomic layer deposition of 
polyimide thin films. Journal of Materials Chemistry, 17 (7), 2007, pp 664-669. 
[15] La Zara, D.; Bailey, M. R.; Hagedoorn, P.-L.; Benz, D.; Quayle, M. J.; Folestad, S.; van 
Ommen, J. R., Sub-nanoscale Surface Engineering of TiO2 Nanoparticles by Molecular Layer 
Deposition of Poly(ethylene terephthalate) for Suppressing Photoactivity and Enhancing 
Dispersibility. ACS Applied Nano Materials, 2020. 



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 183PDF page: 183PDF page: 183PDF page: 183

C H A P T E R  7                                               P a g e  | 183 
 

[16] Gil-Font, J.; Hatte, M.-A.; Bailey, M. R.; Navarrete, N.; Ventura-Espinosa, J.; Goulas, 
A.; La Zara, D.; van Ommen, J. R.; Mondragón, R.; Hernández, L., Improving heat transfer of 
stabilised thermal oil-based tin nanofluids using biosurfactant and molecular layer 
deposition. Applied Thermal Engineering, 178, 2020, p 115559. 
[17] Liu, M.; Li, X.; Karuturi, S. K.; Tok, A. I. Y.; Fan, H. J., Atomic layer deposition for 
nanofabrication and interface engineering. Nanoscale, 4 (5), 2012, pp 1522-1528. 
[18] Bergsman, D. S.; Closser, R. G.; Tassone, C. J.; Clemens, B. M.; Nordlund, D.; Bent, 
S. F., Effect of Backbone Chemistry on the Structure of Polyurea Films Deposited by 
Molecular Layer Deposition. Chemistry of Materials, 29 (3), 2017, pp 1192-1203. 
[19] Loscutoff, P. W.; Zhou, H.; Clendenning, S. B.; Bent, S. F., Formation of organic 
nanoscale laminates and blends by molecular layer deposition. ACS Nano, 4 (1), 2010, pp 
331-341. 
[20] Prasittichai, C.; Zhou, H.; Bent, S. F., Area selective molecular layer deposition of 
polyurea films. ACS Applied Materials & Interfaces, 5 (24), 2013, pp 13391-13396. 
[21] Bergsman, D. S.; Closser, R. G.; Bent, S. F., Mechanistic Studies of Chain 
Termination and Monomer Absorption in Molecular Layer Deposition. Chemistry of 
Materials, 30 (15), 2018, pp 5087-5097. 
[22] Nye, R. A.; Kelliher, A. P.; Gaskins, J. T.; Hopkins, P. E.; Parsons, G. N., Understanding 
Molecular Layer Deposition Growth Mechanisms in Polyurea via Picosecond Acoustics 
Analysis. Chemistry of Materials, 32 (4), 2020, pp 1553-1563. 
[23] M. J. Frisch, G. W. T., H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. Marenich, J. Bloino, 
B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. 
Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, 
T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, 
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. 
Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. 
J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K. 
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. 
Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. 
Foresman, and D. J. Fox, Gaussian 09, Revision A.02. Gaussian, Inc., 2016. 
[24] Wu, C.; Wang, J.; Chang, P.; Cheng, H.; Yu, Y.; Wu, Z.; Dong, D.; Zhao, F., Polyureas 
from diamines and carbon dioxide: synthesis, structures and properties. Physical Chemistry 
Chemical Physics, 14 (2), 2012, pp 464-468. 
[25] Becke, A. D., A new mixing of Hartree–Fock and local density-functional theories. 
The Journal of chemical physics, 98 (2), 1993, pp 1372-1377. 
[26] Pritchard, B. P.; Altarawy, D.; Didier, B.; Gibson, T. D.; Windus, T. L., New Basis Set 
Exchange: An Open, Up-to-Date Resource for the Molecular Sciences Community. Journal 
of Chemical Information and Modeling, 59 (11), 2019, pp 4814-4820. 
[27] Lu, T.; Chen, F., Multiwfn: A multifunctional wavefunction analyzer. Journal of 
Computational Chemistry, 33 (5), 2012, pp 580-592. 
[28] Adamczyk, N.; Dameron, A.; George, S., Molecular layer deposition of poly (p-
phenylene terephthalamide) films using terephthaloyl chloride and p-phenylenediamine. 
Langmuir, 24 (5), 2008, pp 2081-2089. 



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 184PDF page: 184PDF page: 184PDF page: 184

C H A P T E R  7                                               P a g e  | 184 
 

[29] Coleman, M. M.; Sobkowiak, M.; Pehlert, G. J.; Painter, P. C.; Iqbal, T., Infrared 
temperature studies of a simple polyurea. Macromolecular Chemistry and Physics, 198 (1), 
1997, pp 117-136. 

 



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 185PDF page: 185PDF page: 185PDF page: 185

C H A P T E R  8                                               P a g e  | 185 
 

 

CHAPTER 8 
 
 
 
 
 

Dielectric properties of Nanocomposites: 
Effect of Molecular Layer Deposition of 

Polyurea on Silica Nanoparticles 
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Abstract 

Grafting electrically active functional groups to the surface of nanoparticles (NPs) in a 

controlled manner can yield reproducible alterations in charge trapping and transport as 

well as space charge phenomena in nanodielectrics. In the following study, fumed silica NPs 

modified with polyurea via molecular layer deposition (MLD) are incorporated into a 

polymer blend based on polypropylene (PP)/ ethylene-octene-copolymer (EOC), and their 

morphological and dielectric properties are investigated. We demonstrate the alterations 

in the electronic structure of silica upon depositing urea units, using density functional 

theory (DFT) calculations. Subsequently, the effect of urea functionalization on the 

dielectric properties of nanocomposites is studied using thermally stimulated 

depolarization current (TSDC) and broadband dielectric spectroscopy (BDS) methods. The 

DFT calculations reveal the contribution of both shallow and deep traps upon deposition of 

polyurea onto the NPs. It could be concluded that the deposition of polyurea on 

nanoparticles results in a bi-modal distribution of trap depths that are related to each 

monomer in the urea units, and can lead to a reduction of space charge formation at filler-

polymer interfaces.  
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1 Introduction 

Molecular layer deposition (MLD) is a robust technique to deposit organic films on flat 

surfaces as well as nanoparticles (NPs) 1-5. As opposed to the conventional chemical vapor 

deposition (CVD), MLD utilizes self-limiting reactions between bi-functional precursors to 

grow organic films on the solid surface in a controlled layer-by-layer fashion, by dosing 

sequential pulses of each precursor into the reactor  6. In Chapter 7, fumed silica NPs with a 

primary particle size of 7-50 nm were modified via MLD in a fluidized bed. Phenyl 

diisocyanate (PDIC) and ethylene diamine (ED) were used as precursors to deposit 

conformal films of polyurea on gram-scale silica NPs, for the first time. Such urea units 

contain phenyl and amide functional groups, whose deposition can be controlled by MLD 

down to the molecular scale. The presence of these functional groups on the NPs is 

expected to create new localized states (traps) with different energy levels by altering the 

electronic structure of the silica/polymer interfaces. Shallow traps, with energy levels 

generally well below 1 eV, can significantly hamper the formation of permanent space 

charge in the material as they would assist the transport of charge carriers and prevent 

them from accumulation 7. Deep traps, with energies above 1 eV, can effectively immobilize 

charge carriers, reduce the hopping conduction of electrons and cause the formation of 

homocharge near the electrodes 8.Therefore, MLD of polyurea films has the potential to 

control the macroscopic dielectric properties of the corresponding NCs. 

In this chapter, fumed silica NPs modified with polyurea via MLD are incorporated into 

the model polymer blend system based on polypropylene (PP)/ ethylene-octene-copolymer 

(EOC), and their dielectric properties are investigated. Firstly, we demonstrate the 

alterations in the electronic structure of silica upon depositing urea units using density 

functional theory (DFT) calculations. The NP dispersion quality in the polymer matrix and 

the crystallization behavior of the NCs are analyzed by scanning electron microscopy (SEM) 

and differential scanning calorimetry (DSC). Subsequently, the effect of urea 

functionalization on the charge trapping and transport under a direct current (DC) electric 

field is studied using thermally stimulated depolarization current (TSDC) method. In 

addition, in order to further analyze the relaxation processes and the dielectric response of 
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the nanocomposites (NCs), broadband dielectric spectroscopy (BDS) is performed on the 

NCs, and the results are discussed.  

2 Experimental Work 

 Silica Modification by Molecular Layer Deposition 

Silica (AEROSIL 200, Evonik Ind., Germany) treatment was carried out via molecular 

layer deposition (MLD) in a fluidized bed reactor according to what was described in 

Chapter 7. 

1.1 Preparation of the Nanocomposites 
 

These details can be found in Chapter 3. 

 Morphology and Crystallinity Analysis 

Scanning Electron Microscopy (SEM) and the subsequent image analysis were 

performed in accordance with the description given in Chapter 4. Differential Scanning 

Calorimetry (DSC) was performed by means of a DSC 2500 (TA Instruments, USA). 

Specimens were subjected to two heating/cooling cycles from -70°C to 200°C in nitrogen 

atmosphere. The heating/cooling rate was set at 3°C/min, in order to match the heating 

rate in TSDC measurements. 

 Thermally Stimulated Depolarization Current (TSDC) 

Details of the Thermally Stimulated Depolarization Current (TSDC) measurements 

were described in Chapter 3.  

 Broadband Dielectric Spectroscopy (BDS) 

Details of these measurements can be found in Chapter 3. 

 Computational Details 

Density Functional Theory (DFT) calculations were carried out according to the 

description in Chapter 7. 



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 189PDF page: 189PDF page: 189PDF page: 189

C H A P T E R  8                                               P a g e  | 189 
 

3 Results and Discussion 

Grafting electrically active functional groups onto the surface of NPs would potentially 

alter the electronic structure of the surface groups and create localized states at the filler-

polymer interfaces. To demonstrate these alterations upon grafting urea films to the silica 

surface, DFT calculations were performed on a model structure of an urea unit coupled to 

a silanol group (see Figure 8.1a). Figures 8.1b and 8.1c demonstrate the distribution of the 

highest occupied molecular orbitals (HOMO: -7.05 eV) and lowest unoccupied molecular 

orbitals (LUMO: 0.86 eV) of this structure, respectively. It is evident that the HOMO are 

mostly located on the second monomer ethylene diamine (ED), whereas the LUMO are 

distributed over the first monomer phenyl diisocyanate (PDIC) as well as the dangling silanol 

groups in the model. This suggests, on the one hand, that the silanol groups on the silica 

surface can noticeably contribute to the density of unoccupied states, i.e. it is rather likely 

to find conducting electrons around them. Therefore, grafting other moieties to cover these 

surface groups in order to control conductivity and space charge phenomena in the final NC 

appears very relevant. On the other hand, between the two monomers in the urea 

repeating unit, PDIC is more susceptible to contribute to the conduction processes in the 

presence of an electric field, likely by creating shallow trapping states. Moreover, the 

presence of the HOMO around the ED monomer can be beneficial in hampering the 

formation of space charge in the presence of the DC electric field. This is similar to what we 

observed for amino-modified silica (Chapter 6), where the amino group’s large density of 

occupied states hindered the formation of space charge at the silica-polymer interfaces. 

The total density of states (TDOS) at different energy levels for the bare as well as the 

urea modified silica are depicted in Figure 8.2. For the unmodified silica, a rather large 

density of hole traps is observed at the tail of the valence band, inside the band gap. 

Furthermore, at the tail of the conduction band, there is a distribution of relatively shallow 

electron traps. By introducing the phenyl and amide groups to the silica, both valence and 

conduction band extrema shift to higher energy levels, and the band gap becomes slightly 

(0.84 eV) broader. The density of electron traps is larger for the urea modified silica, 

implying that new localized states are created as a result of this modification. These states 
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are extended over 1.4 eV below the conduction band, suggesting that there are 

contributions of both shallow and deep traps from this urea unit. The density of conduction 

states is significantly lower for the urea modified silica, which suggests that the conducting 

electrons are less likely to be drifting in the conduction band, when this urea unit is present 

on the silica surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1. a: The optimized geometry of an urea unit made of phenyl diisocyanate and ethylene 
diamine grafted to a silanol group on silica; b: Highest occupied molecular orbitals (HOMO) and c: 
lowest unoccupied molecular orbitals (LUMO) visualized for the modified silica (gray: silicon, light-

red: oxygen, black: carbon, blue: nitrogen and white: hydrogen; the dark-red and green color of the 
MOs are related to the positive and negative wavefunctions, respectively. 

a.  

b.  

c.  
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Figure 8.2. Total density of states (TDOS) for the urea-silica structure compared to the neat silica 

Using DFT calculations, we have shown that the presence of urea units consisting of 

phenyl diisocyanate and ethylene diamine on the silica surface may introduce new localized 

states and alter the electronic structure of the filler surface. To demonstrate this 

experimentally, molecular layer deposition (MLD) is utilized to deposit homogenous 

polyurea films on the silica NPs in a controlled manner by cyclic pulsing of the two 

precursors in vapor phase into a fluidized bed. Each MLD cycle consists of 1 minute of 

respective PDIC and ED pulses, divided by 5 minutes of nitrogen purging to ensure self-

limiting growth of the deposited film and limit CVD reactions in the powder bed. Details of 

the MLD processes, and the characterization of the functionalized NPs are reported Chapter 

7. The polyurea films were deposited on silica NPs for 2, 5, 10 and 25 MLD cycles, in separate 

experiments. Figure 8.3 displays the linear growth of the polyurea loading upon increasing 

the number of cycles, with an approximate growth per cycle (GPC) of 0.7 urea units per nm2. 
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Figure 8.3. Evolution of the polyurea loading on NPs as a function of the number of MLD cycles. 

Surface characteristics of the NPs can directly affect their nucleating ability in the 

polymer matrix, and hence the crystalline structure of the NCs. Consequently, this can 

influence the dielectric response of the material. Therefore, differential scanning 

calorimetry (DSC) was performed to analyze and compare the crystallization behavior of the 

NCs. Figures 8.4a and 8.4b represent the melting and crystallization curves for the unfilled 

blend, and NCs with and without filler functionalization. The DSC spectra of the blend 

consist of four distinct peaks: two endothermic peaks (108 °C and 148 °C) and two 

exothermic peaks (97 °C  and 115 °C) corresponding to the melting and crystallization 

temperatures of the EOC and PP domains, respectively. The melting curves (Figure 8.4a), on 

the one hand, exhibit no significant changes upon incorporation of the silica and 

functionalization of it. On the other hand, the onset of crystallization tends to decrease by 

3 °C, when the bare NPs are added to the system. This is despite the expected nucleating 

effect of NPs in composite systems, and is likely due to the adsorption of polar antioxidants 

onto the silica surface, reducing heterogeneous nucleation during the cooling step 9-11. 

Nevertheless, the modified NCs exhibit crystallization onsets similar to that of the unfilled 

blend. This implies that the polyurea deposition facilitates nucleation, likely by reducing the 

adsorption of antioxidant particles onto the silica surface. Moreover, all the MLD modified 
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samples exhibit similar crystallization curves indicating that the amount of deposited 

polyurea has no significant effect on the nucleation and crystal growth in the NCs. The 

degree of crystallization for each sample is calculated from the enthalpy of melting and 

presented in Table 8.1. It is evident that the addition of NPs and their modification, does 

not influence the overall degree of crystallization in the NCs. Accordingly, it can be assumed 

that any discrepancy in the dielectric response of the studied NCs would not be influenced 

by the differences in crystallization behavior of the materials. 

a. 
 

b. 
 

Figure 8.4. a: Melting and b: crystallization behavior of the studied NCs compared to the unfilled 
blend 
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Table 8.1. DSC parameters of all studied samples 

 Onset of 
Crystallization (°C) 

Enthalpy of 
Melting (J/g) 

Percentage of 
Crystallinity (%) 

Unfilled Blend 115 77.3 31 

Sample 0 112 74.9 30 

2 Cycles 114 72.1 29 

5 Cycles 115 75.1 30 

10 Cycles 115 71.6 29 

25 Cycles 115 73.2 29 

 

In order to analyze the dispersion of NPs in the polymer matrix, SEM was performed 

on the NCs, and the results are presented in Figure 8.5. In order to achieve a higher 

resolution and visualize the particles more clearly, SEM was performed on these samples 

with and without gold sputtering. In case of the sputtered samples, however, the 

morphological details of the polymer matrix were masked. Therefore, we present the image 

of the 5 cycles sample without sputtering. It can be observed that the PP/EOC blend exhibits 

a two-phase morphology, with the EOC domains elongated in the direction of the flow in 

the mold which is typical for this type of blend 9. The mean aggregate size of the untreated 

silica NPs was reported to be around 300 nm in PP/EOC blends 9. Upon increasing the 

number of MLD cycles, the mean aggregate size in the NCs reduces, reaching ~160 nm for 

samples with 10 and 25 MLD cycles. This indicates that this modification has effectively 

reduced the energetic interactions between silica particles, resulting in a relatively 

enhanced dispersion of NPs throughout the polymer matrix. 
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Figure 8.5. SEM images of NCs containing MLD modified silica, along with the particle size 
histograms; the image of the 5 cycles sample is taken without gold sputtering, in order to visualize 

the phase distribution of the polymer blend. 
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Broadband dielectric spectroscopy (BDS) was performed in order to investigate the 

relaxation processes in the NC systems in the presence of an alternating electric field. These 

relaxation processes, depending on the frequency range, can then be attributed to dielectric 

phenomena such as polarization and space charge formation. Figure 8.6 presents the 

variations of the real (εrʹ) and imaginary (εrʺ) parts of complex permittivity with respect to 

the frequency of the applied field. At frequencies higher than 1 Hz, the unfilled blend and 

Sample 0 show little difference in the values of real permittivity. It is also clear that the 

modified NCs exhibit lower values of εrʹ at all frequencies, compared to the two references. 

Since real permittivity is related to the number of polarizable species in the system, the NC 

with 2-cycle-modified silica, with the lowest grafting density of polyurea, exhibits the lowest 

real permittivity among all MLD modified samples. εrʺ remains constant for all the samples 

at higher frequencies. At low frequencies (generally less than 1 Hz), however, there is a 

steep increase in both parts of permittivity, indicating either the relaxation of large dipolar 

species, or the presence of Maxwell-Wagner space charge relaxations 12-13. On the one hand, 

it is clear that these relaxations are somewhat suppressed when the NPs are incorporated 

into the system. On the other hand, deposition of polyurea on the NPs has resulted in 

further suppression of this low frequency variation. This indicates that the presence of 

polyurea films on the NPs has significant effects on the polarization processes and space 

charge formation in the corresponding NCs. This is well in-line with the DFT predictions: the 

reduced space charge relaxations in the modified NCs can be attributed to either the 

presence of shallow traps introduced by the phenyl rings in the polyurea film, or the amide 

groups’ large density of valence states hampering the formation of space charge at the filler-

polymer interfaces. 
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a. 
 

b. 
 

Figure 8.6. a: Real and b: imaginary parts of permittivity for the unfilled blend compared to NCs with 
modified and non-modified silica 

The TSDC spectra of all the studied systems are presented in Figure 8.7a. The trap 

depth and density distributions are numerically calculated from the TSDC data, using a 

method reported by Tian et al. 14, and presented in Figure 8.7b. The TSDC spectrum of the 

unfilled polymer blend exhibits a relaxation peak at 74 °C, indicating the presence of traps 

with a distribution of depths around 0.98 eV (see Figure 8.7b). These are likely charges 
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released from the interfacial regions between the two polymer domains, and the 

crystalline/amorphous interfaces within either polymer phase. Upon incorporation of the 

untreated silica (Sample 0), the peak trap density appears at a slightly deeper level 

compared to the unfilled blend. The introduction of polyurea films to the NPs has a 

noticeable influence on the TSDC spectra. At 2 MLD cycles, a rather large relaxation peak 

appears at 63 °C, which can correspond to the existence of shallow trapping states with 

depths around 0.95 eV 14. Moreover, a smaller peak is observed at ~ 105 °C indicative of 

deeper states with energies around 1.07 eV. As the number of MLD cycles increases, the 

density of the deep traps increases, while the contribution of the shallow traps reduces. The 

DFT calculations predicted that there are contributions of both shallow and deep traps in 

the urea units under consideration. Also, the distribution of the molecular orbitals 

suggested that the phenyl rings and the amide groups are likely responsible for the shallow 

and deep traps, respectively. Therefore, the lower energy peak in the TSDC spectra of the 

modified NCs can be attributed to the relaxation of space charge trapped in the phenyl 

shallow states, whereas the high energy peak is due the relaxation of charges that occupy 

the amide deep traps. As the MLD film grows with increasing number of cycles, and the 

density of deep traps increases, the charges would be immobilized for longer periods of 

time. This would naturally result in a lower contribution of shallow traps, and consequently 

more space charge may be formed at the interfaces. This can clearly be seen in Figure 8.7c, 

where the amount of injected charge is minimum at 2 MLD cycles with the highest density 

of shallow traps. It is clear that the polarization step was too short to reach steady-state DC 

conduction in the samples; nevertheless, Figure 8.7e demonstrates that the NC with 2-cycle-

modified silica exhibits the lowest apparent conductivity at the end of the poling step 

(4.9 x 10-13 S/m) among all studied samples. 
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e. 
 

Figure 8.7. a: TSDC spectra, b: trap level distribution and density, c: amount of injected charge 
during poling, d: current density during poling and e: apparent conductivity at the end of poling for 

all NCs and the unfilled reference. 

Evidently, by grafting a homogenous polyurea film onto the silica NPs, it is possible to 

create a bi-modal distribution of trap depths. The phenyl rings in the deposited film are able 

to introduce shallow trapping states that could reduce charge mobility, and hence hinder 

conduction processes. Instead, the amide groups are prone to create deeper states, which 

in an occupied state can hamper further formation of space charge at the filler-polymer 

interfaces. The introduction of deep traps by the nitrogen-containing functional groups was 

also observed in the case of the APTES- and ureido-modified silica, as shown in Chapters 3, 

4 and 6. The main advantage of the polyurea deposition is that it introduces both shallow 

and deep traps, the density of which is virtually controllable by the number of MLD cycles. 

Moreover, as shown in the DFT results, the second monomer in the urea unit (ED) can 

induce hole trap states that can further reduce the overall charge mobility in the NCs. The 

presence of all these newly introduced states at the filler-polymer interface makes this type 

of modification very suitable for developing dielectric NCs with superior insulation 

properties.  
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4 Conclusions 

In this study, we firstly demonstrated the electronic structure of silica upon deposition 

of polyurea films via molecular layer deposition (MLD). With the LUMO and HOMO levels 

being distributed over the phenyl diisocyanate (PDIC) and ethylene diamine (ED) 

monomers, respectively, the urea-modified silica exhibited a significantly different 

electronic structure compared to the bare NPs. This indicated that each monomer can play 

a different role in charge transport processes. Silica modification facilitated nucleation and 

crystal formation, and nanoparticle dispersion in the polymer matrix improved with higher 

grafting densities of polyurea. Dielectric measurements revealed that the polyurea 

deposition results in a bi-modal distribution of shallow and deep traps with densities 

dependent on the number of MLD cycles. In particular, with increasing number of cycles, 

the density of the deep traps increases, whereas that of shallow traps decreases. The large 

density of valence states related to the amino functional groups in the polyurea film 

hampered the formation of space charge, and the shallow trapping states corresponding to 

the phenyl rings resulted in a lower current density under a DC electric field. Therefore, MLD 

offers a reliable tool for controlling the density of shallow and deep traps in nanodielectrics, 

which can be of utmost importance in developing insulating materials with low space charge 

accumulation and conductivity. 
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Studying nanometric dielectrics is a 21st century phenomenon. They have come a long 

way. A scientific journey that started around 25 years ago and is been maturing ever since. 

Yet, despite the large volume of research devoted to them so far, there are still plenty of 

unknowns to be unraveled. Particularly, the role of nanometric interfaces within these 

materials induced by the nano-sized filler dispersed in the polymeric matrix, and the 

mechanisms through which they affect the overall dielectric properties of the system are 

still far from being fully understood. 

As an effort to shed some light on these blind spots, the present work focuses on the 

role of the nanofiller and its surface properties. Altering the surface chemistry of 

nanoparticles could potentially change the filler-polymer interfacial interactions in 

nanocomposites, leading to significant improvements of the dielectric performance of the 

material under electric fields. This has been the main theme of this thesis. Fumed silica 

nanoparticles, a highly pure member of the silica family, were used together with 

polypropylene (PP)/ ethylene-octene-copolymer (EOC) blends constituting the 

nanocomposite systems under investigation. A conventional liquid-phase and two gas-

phase methods were utilized for the treatment of the nanoparticles’ surface. 

Using the liquid-phase modification technique, 3-aminopropyltriethoxysilane (APTES) 

was grafted onto the silica nanoparticles. It was shown that the amino functional group in 

the APTES structure introduces deep trapping states to the filler-polymer interface, that 

effectively reduce the injection of charge into the dielectric under direct current (DC) 

electric fields and mitigate the formation of space charge at the interfaces. In the next step, 

other functional groups, namely ureido and methacrylate moieties, were deposited onto 

the nanoparticles, and the dielectric performance of the resulting nanocomposites were put 

to test. On the one hand, the nitrogen containing ureido groups introduced deep localized 

states and hampered the space charge formation, similar to what was observed in the case 

of APTES modification. On the other hand, the methacrylate moiety improved the 

dispersion of the nanoparticles in the polymer matrix; nevertheless, the space charge 

formation was not reduced as significantly as in the case of ureido functionalization. 
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These observations led us to the next step to take a closer look at the electronic 

structure of the silica surface before and after modification with the nitrogen containing 

APTES precursor. This was done by means of density functional theory (DFT), which 

determines the electronic band structure of matter by solvation of the time-independent 

Schrödinger’s equation for a given chemical entity. The DFT results revealed that the amino-

functionalized silica does contain deep localized states and exhibits a different 

electron/hole distribution compared to the untreated nanoparticle. To validate the DFT 

model predictions, nanoparticles were modified with APTES via a novel gas-phase method 

similar to atomic layer deposition (ALD) in a fluidized bed. Utilizing this method, it was 

possible to deposit self-limiting layers of the precursor onto the nanoparticles in a 

controlled way, using consecutive APTES/H2O cycles in vapor phase. Dielectric tests on the 

nanocomposites revealed the presence of deep traps, similar to what was observed in case 

of the solution modified silica. There was also an inverse correlation between the number 

of APTES/H2O cycles and the density of the occupied deep traps in the nanocomposite 

systems. The reduction of the occupied deep trap density resulted in lower space charge 

formation at the interfaces. One direct implication of this is that one may control the density 

of the introduced deep traps, and therefore, space charge formation in nanocomposites, by 

altering the number of APTES/H2O cycles during silica modification. 

The results of the fluidized bed modification were intriguing enough for us to try 

another gas-phase method for silica modification: molecular layer deposition (MLD). In this 

part of the work, self-limiting layers of polyurea were deposited on the silica nanoparticles 

using phenyldiisocyanate (PDIC) and ethylenediamine (ED) as precursors, via consecutive 

PDIC/ED cycles passing through the fluidized silica. The resulting urea units contain amide 

and phenyl functional groups which can potentially introduce localized states at the filler-

polymer interfaces in nanocomposites. The DFT method was also utilized here, and the 

results showed that this urea unit exhibits the contribution of both shallow and deep traps. 

Dielectric tests on the nanocomposites validated this prediction. A bi-modal distribution of 

shallow and deep traps was observed in the nanocomposites, associated with the phenyl 

and amide groups, respectively. With increasing the number of PDIC/ED cycles, the density 

of the deep traps increased, whereas that of shallow traps decreased. The large density of 
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valence states related to the amide functional groups in the polyurea film hampered the 

formation of space charge, and the shallow trapping states corresponding to the phenyl 

rings resulted in a lower current density under a DC electric field. Therefore, MLD offers a 

reliable tool for controlling the density of shallow and deep traps in nanodielectrics, which 

can be of utmost importance in developing insulating materials with low space charge 

accumulation and conductivity. 

All the results discussed in this thesis point towards an important conclusion: that 

charge trapping and transport as well as space charge phenomena in nanocomposites can 

be controlled by altering the electronic structure of the filler. This can be explained using 

Lewis’s formulation of the interfacial interactions in nanodielectrics 1. According to this 

model, space charge and conductivity are largely affected by the electric double layer that 

is superimposed near the filler-polymer interfaces in the presence of an electric field. The 

electric double layer contains mobile charge carriers that are partly under the influence of 

the nanoparticles’ surface charge. Therefore, the observed improvements can be attributed 

to the alterations of the surface charge and electronic states of the nanoparticles.  

As mentioned in the beginning of this summary, the interfacial phenomena in 

nanodielectrics still lack fundamental understanding. In the present work, we addressed 

some interesting features of this class of materials by focusing on the nanoparticles and 

their surface chemistry. On the path towards a more sustainable energy transmission, and 

in the spirit of the super-grid concept introduced in the beginning of this thesis, the 

importance of high performance cables is undeniable. The observations discussed here, 

point towards materials and methods that can be utilized to take significant steps towards 

this ultimate goal. 

Nevertheless, still plenty of room remains for exploration and scientific inquiry. 

Further analysis of thermal conductivity, breakdown strength, partial discharge and DC 

conductivity are among the most important factors to take into account for the next steps. 

Furthermore, DFT modelling shows promising potential to predict and explain some of the 

interfacial phenomena in nanodielectrics. However, not much attention has been paid to 

this aspect of analysis so far. Although the current limited computational power is a big 
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drawback in this manner, with the development of new generations of computers, it can be 

feasible in the near future to take bigger steps towards a full realization of nanodielectrics’ 

potential. 
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Samenvatting 
Onderzoek naar nanodiëlektrica is opgekomen in de 21ste  eeuw en heeft een lange weg 

afgelegd: Een wetenschappelijke reis die ongeveer 25 jaar geleden begon en sindsdien 

verder is ontwikkeld. Maar ondanks het grote aantal studies dat er tot dusver aan is 

besteed, zijn er tal van onbekende factoren die nog moeten worden ontrafeld. Met name 

de rol van nanometrische grensvlakken tussen polymere matrices en nano-vulstoffen, en 

de mechanismen waardoor deze de diëlektrische eigenschappen van composieten  

beïnvloeden, worden nog verre van volledig begrepen. 

Om enig licht te werpen op deze blinde vlekken, concentreert het huidige werk zich 

op de rol van de nanovulstof en zijn oppervlakte-eigenschappen. Modificatie van de 

oppervlakte chemie van nanodeeltjes zou de interacties in het grensvlak tussen vulstof en 

polymere matrix kunnen beïnvloeden en leiden tot aanzienlijke verbeteringen van de 

diëlektrische eigenschappen van het materiaal in een elektrisch veld. Dit is de 

belangrijkste onderzoeksvraag van dit proefschrift. Pyrogene silica nanodeeltjes, een zeer 

zuivere vorm van silica, en een blend van polypropeen (PP)/etheen-octeen-copolymeer 

(EOC) zijn de bestanddelen van het onderzochte nanocomposiet. Een conventionele 

modificatie in vloeistof en twee gasfase methoden werden gebruikt voor de modificatie van 

het oppervlak van de nanodeeltjes. 

Met behulp van de vloeistoffase-modificatietechniek werd 3-

aminopropyltriethoxysilaan (APTES) op de silica-nanodeeltjes geënt. Er werd aangetoond 

dat de amino-groep in de APTES-structuur diepe ‘traps’ introduceert in het silica/polymeer 

grensvlak , die de ladingsinjectie in het diëlektricum onder gelijkstroom 

(DC)  elektrische velden effectief verminderen en de vorming van ruimtelijk verdeelde 

lading (ruimtelading) reduceren. In de volgende stap werden andere functionele 

groepen, namelijk ureido- en methacrylaat-groepen, aangebracht op de nanodeeltjes, en 

vervolgens de diëlektrische eigenschappen van het resulterende nanocomposiet 

onderzocht. Enerzijds introduceren de stikstof-bevattende ureido-groepen diepe 

gelocaliseerde niveaus en reduceren het ontstaan van ruimtelading , vergelijkbaar met de 

effecten waargenomen bij APTES modificatie. Anderzijds verbeterden de methacrylaat-
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groepen de dispersie van de nanodeeltjes in de polymeermatrix; daarnaast was de vorming 

van ruimtelading in mindere mate verlaagd  vergeleken met ureido-functionalisatie van 

silica. 

Deze waarnemingen leidden ons naar de volgende stap om de elektronische structuur 

van het silica-oppervlak vóór en na modificatie met de stikstofhoudende APTES-precursor 

nader te onderzoeken. Daarvoor werd gebruik gemaakt van de ‘density functional theory’  

(DFT) , die de elektronische bandstructuur van materie bepaalt door oplossen van de 

tijdonafhankelijke Schrödinger-vergelijking voor een gegeven chemische entiteit. De DFT-

resultaten toonden aan dat het amino-gefunctionaliseerde silica diepe 

gelokaliseerde ‘traps’ bevat en een andere elektronengat-verdeling vertoont in vergelijking 

met de niet gemodificeerde nanodeeltjes. Om de voorspellingen van het DFT-model te 

valideren, werden silica deeltjes gemodificeerd met APTES via een nieuwe gasfase 

methode, vergelijkbaar met ‘Atomic Layer Deposition’ (ALD) in een wervelbed reactor. Zo 

was het mogelijk om zelfbeperkende lagen van de precursor op een gecontroleerde 

manier op de nanodeeltjes aan te brengen door opeenvolgende APTES/H2 O-cycli in de 

dampfase. Diëlektrische testen van de nanocomposieten lieten de aanwezigheid van diepe 

‘traps’ zien, vergelijkbaar met wat werd waargenomen in het geval van in oplossing 

gemodificeerde silica. Er werd een omgekeerde correlatie tussen het aantal APTES/H2O-

cycli en de dichtheid van de bezette diepe ‘traps’ in de nanocomposiet 

systemen gevonden. De vermindering van de bezette diepe ‘trap’ dichtheid resulteerde in 

een verlaagde vorming van ruimtelading in de grensvlakken. Een direct gevolg hiervan is dat 

de dichtheid van geïntroduceerde diepe ‘traps’ en dus het ontstaan van ruimtelading 

gecontroleerd kan worden door het aantal APTES/H2O cycli tijdens silica modificatie. 

De resultaten van de wervelbedmodificatie waren intrigerend genoeg om nog een 

andere gasfase methode voor silica-modificatie uit te voeren: ‘Molecular Layer Deposition’ 

(MLD). In dit deel van de studie werden zelfbeperkende lagen polyureum op silica 

nanodeeltjes opgebracht via opeenvolgende fenyldiisocyanaat (PDIC)/ethyleendiamine 

(ED) cycli in een wervelbed van silica. De resulterende ureumlaag bevatte amide en 

fenyl groepen welke gelocaliseerde ‘trap’ niveaus kunnen vormen in het vulstof/polymeer 
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grensvlak van het nanocomposiet. Ook hier werd de DFT-methode gebruikt, en de 

resultaten toonden aan dat deze ureumgroep zowel ondiepe als diepe ‘traps’ introduceert. 

Deze vinding is door diëlektrische tests op de nanocomposieten bevestigd. Een bimodale 

verdeling van ondiepe en diepe ‘traps’ in de nanocomposieten werd geassocieerd met 

respectievelijk de fenyl- en amidegroepen. Naarmate het aantal PDIC/ED-cycli toenam, nam 

de dichtheid van de diepe ‘traps’ ook toe, terwijl die van ondiepe ‘traps’ afnam. De hoge 

dichtheid van valentie-toestanden die verband houden met de functionele amidegroepen 

in de polyureum film verlaagde de vorming van ruimtelading, en de ondiepe ‘traps’ die 

gevormd worden door fenylringen resulteerden in een lagere stroomdichtheid in een 

elektrisch DC veld. Daarom mag gesteld worden dat MLD een betrouwbare methode is voor 

het controleren van de dichtheid van ondiepe en diepe ‘traps’ in nanodiëlektrica, wat van 

het grootste belang kan zijn bij het ontwikkelen van isolatiematerialen met een lage 

ruimteladingsverdeling en elektrische geleiding. 

Alle resultaten van de studie binnen dit proefschrift wijzen op een belangrijke 

conclusie: ladingslocalisatie, ladings-transport en ruimteladingsfenomenen in 

nanocomposieten kunnen worden gecontroleerd door de elektronische structuur van de 

vulstof. Dit kan worden verklaard met de definitie van Lewis van grensvlakinteracties in 

nanodiëlektrica [1] . Volgens dit model worden ruimtelading en geleiding grotendeels 

beïnvloed door de elektrische dubbellaag nabij het vulstof/polymeer grensvlak in 

aanwezigheid van een elektrisch veld. De elektrische dubbellaag bevat mobiele 

ladingsdragers die gedeeltelijk beïnvloed worden door de oppervlaktelading van de 

nanodeeltjes. Daarom kunnen de waargenomen verbeteringen worden toegeschreven aan 

de veranderingen van de oppervlaktelading en elektronische structuur van de nanodeeltjes. 

Zoals gesteld in het begin van deze samenvatting, ontbreekt het nog steeds aan 

fundamenteel begrip van grensvlakverschijnselen in nanodiëlektrica. In de huidige studie 

zijn enkele kenmerken van deze materialen ontrafeld door diepgaand onderzoek naar de 

nanodeeltjes en hun oppervlaktechemie. Langs de weg naar duurzamer energie-transport, 

en in de geest van het super-grid concept geïntroduceerd in het begin van dit proefschrift, 

spreekt het belang van hoogwaardige kabels vanzelf. De waarnemingen bediscussieerd in 



568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF568002-L-bw-Mahtabani DEF
Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021Processed on: 11-10-2021 PDF page: 213PDF page: 213PDF page: 213PDF page: 213

S a m e n v a t t i n g                                           P a g e  | 213 
 

dit proefschrift wijzen in de richting van materialen en methodes welke gebruikt kunnen 

worden om significante stappen voorwaarts te maken naar het uiteindelijke doel.   

 Desalniettemin is er nog veel wetenschappelijk onderzoek nodig om deze 

nanodiëlektrische composieten helemaal te begrijpen. Verdere analyse van thermische 

geleidbaarheid, elektrische doorslagsterkte, gedeeltelijke ontlading en DC-geleidbaarheid 

behoren tot de belangrijkste factoren waarop men zich zou moeten richten bij volgende 

stappen. Bovendien is DFT-modellering veelbelovend voor de voorspelling en verklaring van 

enkele van de grensvlakverschijnselen in nanodiëlektrica. Evenwel, niet veel aandacht is 

geschonken aan dit analyse-aspect en viel buiten de reikwijdte van de huidige 

studie. Hoewel de huidige beperkte rekenkracht een groot nadeel is, kunnen door de 

ontwikkeling van nieuwe generaties computers in de nabije toekomst grotere stappen gezet 

worden in de richting van gebruik van het volledige potentieel van nanodiëlektrica. 
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