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ABSTRACT 

 

 

 

This Doctoral Thesis is focused on the property-modification of common 

isotactic poly(propylene) and innovative isotactic poly(1-butene) and the 

structural evolution in these polymers during modification and processing is 

characterized on the molecular, super-molecular, and microscopic levels.  

Special attention is devoted to the modification of isotactic poly(propylene) by a 

specific β-nucleating agent. The interrelations between the specific β-nucleator, 

the thermal history, and the molecular weight of poly(propylene) were 

investigated.  

In this Thesis, the influence of the transformation of the super-molecular 

structure of isotactic poly(1-butene) on macroscopic properties was studied and 

it presents evidence and an explanation of the effect of annealing temperature on 

the kinetics of phase transformation and the evolution of the mechanical 

properties in isotactic poly(1-butene) parts.  

The work further focuses on the possibilities of controlling the surface 

hydrophylicity or hydrophobicity of poly(1-butene), using plasma treatment. 

From a practical application point-of-view, the study brings to light and presents 

important new knowledge about the photodegradation behaviour of isotactic 

poly(1-butene). 
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ABSTRAKT 

 

 

 

Předkládaná doktorská práce se zabývá modifikací vlastností tradičního 

izotaktického poly(propylenu) a méně běžného izotaktického poly(1-butenu). 

Vývoj struktury polymeru během modifikace a zpracování je charakterizován 

jak na úrovni molekulární, tak i nadmolekulární.  

Zvláštní pozornost je kladena na úpravu vlastností izotaktického 

poly(propylenu) užitím specifického β-nukleačního činidla. Jsou pozorovány 

souvislosti mezi β-nukleačního činidla, tepelnou historií a molekulovou 

hmotností poly(propylenu).  

V práci je studován vliv transformace nadmolekulární struktury izotaktického 

poly(1-butenu) na výsledné vlastnosti. Je popisován a vysvětlován vliv 

temperační teploty na kinetiku fázové transformace a vývoj mechanických 

vlastností poly(1-butenu). 

Práce se dále zabývá možností řízení povrchové hydrofility nebo hydrofobity 

poly(1-butenu) působením plazmatu. 

Z pohledu praktických aplikací práce přináší nové důležité poznatky 

o fotodegradačním chování izotaktického poly(1-butenu).  
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INTRODUCTION 
 

 

 

 

During last decades polymeric materials turned to be highly important for many 

industries, frequently substituting conventional materials as glass or metals. This 

is a consequence of a wide variety of polymers that can be produced with 

properties fitting a broad area of applications. Additionally, their processing is 

relatively simple and economically competitive. 

 

Polymeric materials with identical chemical composition may exhibit different 

properties like toughness, elasticity, transparency, or permeability. These 

properties are dependent on the supermolecular structure, which is, in turn, 

determined by the processing conditions.  

 

Among these polymorphic materials belong polyolefins that comprise the largest 

portion of the world’s commercial polymers [1, 2]. Isotactic poly(propylene) 

represents the most important segment of all commodity plastics as well exhibits 

pronounced polymorphisms and morphologies depending on mechanical 

treatment and thermal history through which material pass during its processing. 

Similarly, presence of only minute amount of special additive, e.g. N,N’-

dicyclohexylnaphthalene-2,6-dicarboxamide, induces controlled specific 

nucleation into required structure [3–5]. 

 

The crystallizion behaviour of further member of polyolefin family – isotactic 

poly(1-butene) – is significantly different and more complicated. Isotactic 

poly(1-butene) is a polymorphic material occurring in five crystallographic 

modifications [6, 7]. Poly(1-butene) upon solidification from the melt 

crystallizes into tetragonal phase II. However, this phase is metastable and 

during several days transforms into more stable trigonal phase I. Resulting 

polymer is stiff with satisfying properties [6, 8]. It is expected that kinetics of 

phase transformation and evolution of mechanical properties will be influenced 

by annealing conditions. Supermolecular structure and polymorphism of poly(1-

butene) influence not only the macroscopic properties, but also the degradation 

behaviour. It can be supposed that the degradation process is similar to isotactic 

poly(propylene) due to the presence of tertiary carbon on the backbone. 

Chemical composition, molecular structure, and roughness of a polymer surface 

critically influence surface wettability. Low wettability of poly(1-butene) brings 
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considerable problems in many practical applications. To enhance wettability 

and hydrophilicity of poly(1-butene) plasma treatment is a very effective way [9, 

10].  

 

In this context, the study of the interrelations between processing, 

supermolecular structure and resulting macroscopic properties of polymers has 

become a topic of major scientific importance. The present study is focused on 

the detail description of these interrelations in isotactic poly(propylene) and 

isotactic poly(1-butene). 
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STATE OF THE ART 

 

 

 

1 BETA-NUCLEATED ISOTACTIC POLY(PROPYLENE) 
 

 

Isotactic poly(propylene) (PP) has become one of the most commonly used 

thermoplastic compatible with many processing techniques [11]. It is an 

important commodity material offering a combination of outstanding physical, 

chemical, mechanical, thermal and electrical properties not found in any other 

thermoplastics. Its price/performance ratio is very attractive. Therefore 

poly(propylene) is one of the fastest growing classes of commodity 

thermoplastics. 

 

Poly(propylene) is prepared by polymerization of propylene in the presence of a 

catalyst under carefully controlled heat and pressure [12, 13]. The molecular 

structure of poly(propylene) is illustrated in Figure 1.1. 

Figure 1.1 Molecular structure of poly(propylene) 

 

An important concept in understanding the link between the structure of 

poly(propylene) and its properties is tacticity. The relative orientation of each 

methyl group relate to methyl groups of neighbouring monomeric unit has a 

strong effect on the finished polymer's ability to form crystals, because each 

methyl group occupies space and constrains backbone bending [13]. The methyl 

branching implies an asymmetrical carbon C
*
 (tertiary carbon) in the propylene 

group (CH2-C
*
HCH3), therefore poly(propylene) exhibits three typical stereo-

configurations: isotactic, syndiotactic and atactic [13–16]. From commercial 

point of view predominantly isotactic poly(propylene) is used.  
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Isotactic poly(propylene) can exist in different morphological phases, depending 

on the crystallization conditions, such as pressure, temperature, and cooling rate. 

Different phases can coexist, and one crystalline phase can change into another 

as conditions change [17]. 

 

The monoclinic -phase of poly(propylene) is predominant and most common 

in melt-crystallized or solution-crystalllized samples (-PP) [4, 5, 18–20]. 

A second polymorph was designated as a -phase [5, 17, 19, 22–24]. Morrow 

and Newman found the third one, a triclinic -phase [25]. The -phase can be 

observed in low molecular weight PP or in PP crystallized at elevated pressure 

above 200 MPa [20, 26]. In addition, a quenched crystal phase, called the 

mesophase or smectic phase, was observed [5, 18]. It can be prepared by rapid 

quenching from the melt [27, 28].  

 

1.1 Beta-Phase of Isotactic Poly(propylene) 

 

The -phase of isotactic poly(propylene) (-PP) is less common and with more 

disorder than the -phase. The -phase was identified in 1959 by Keith and co-

workers [17] and for many years has been referred to have a hexagonal 

crystalline structure [29]. More recently, the crystal structure of -modification 

of PP was established as trigonal by Lotz et al. [30] and some other authors 

(Figure 1.2) [31]. 

 

Figure 1.2 Structural model of -PP as determined by electron crystallography [31] 

 

Almost pure -phase can be obtained with the aid of specific nucleating agents 

[32]. Crystallization in a temperature gradient is also an efficient way to produce 

oriented PP samples with predominant -phase [4].  

 

It was demonstrated that wide-angle X-ray scattering, differential scanning 

calorimetry or microhardness technique can be successfully used to evaluate the 

amount of - and -phases within a PP sample [33]. The proportions of the β-
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phase (k-value) in the samples can be calculated from X-ray diffractograms 

according to Turner-Jones [20] as follows: 

 

 

 

  

where Ha1, Ha2, Ha3 are the intensities of α-diffraction peaks corresponding to 

angles 2θ = 14.2°, 17.0° and 18.8°, respectively, and Hb is the intensity of the  

peak at 2θ = 16.2°. The k-value indicates the relative content of the β-phase in 

the sample. 

 

Studies on -nucleated PP revealed that the formation of pure -phase has an 

upper (T() = 140 °C) and a lower (T() = 100–110 °C) temperature limits. 

Between these two temperatures the growth rate of -spherulites is up to 70 % 

faster than that of -spherulites and therefore, formation of the -phase is 

preferred. The -phase is metastable relative to the -phase (Tm = 150 °C versus 

180 °C), it has lower density (921 kg/m
3
 [24]) and is unstable upon stretching, 

which produces a transition to -PP or to the smectic phase depending on 

whether the sample is processed above or below 60 °C [5, 34]. The most reliable 

value of the equilibrium melting point of the -phase is T 0

m () = 148±4 °C, 

which was obtained with pure -phase when the disturbance of -

recrystallization was eliminated [5]. 

       

2.2.1 Specific -Nucleating Agents 

 

Specific -nucleating agents can be added to PP for the preparation of the -

phase. The most widespread high active -nucleating agent are -quinacridone 

red pigment, -quinacridone, calcium salts of suberic or pimelic acid, and 

calcium-phtalat [17, 35].  

 

Several works dealing with a poly(propylene) nucleated by commercial β-
nucleating agent N,N’-dicyclohexylnaphthalene-2,6-dicarboxamide (NJ STAR 
NU 100) (Figure 1.3) can be found [31, 35–40]. Accorging to Varga and 
Menyhard [38] (i) this organic substance can initiate also the formation of 
certain amount of  crystallites, (ii) it is a crystalline material which can 
dissolved in PP melt and (iii) the nucleating activity of NU 100 is exhibited only 
by solid crystalline particles. Nevertheless, this observation is in contradiction 
with Kotek et. al [35], considering the amount of 0.03 wt.% of NU 100 as a 
critical nucleant concentration. Moreover, it can be supposed that PP molecular 
characteristics as molecular weight can influence the sensitivity to specific 
nucleation. Čermák et. al [40, 41] comprehensively studied the effect of 
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processing parameters on the morphology and properties of injection-moulded 
parts of β-nucleated PP.         

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Molecular structure of β-nucleating agent NJ STAR NU 100; 

N,N’-dicyclohexylnaphthalene-2,6-dicarboxamide 

 

2.2.2 Properties of -Nucleated Poly(propylene) 

 

Some properties of -PP differ significantly from those of -PP. In comparison 

with -PP, -PP possesses lower crystal density, melting temperature and lower 

fusion enthalpy. The chemical resistance of -PP seems to be lower than that of 

-PP [42]. On the other hand, intensive studies of degradation behaviour of PP 

confirm that poly(propylene) containing predominantly β-modification within 

the crystalline portion of the material is significantly less sensitive to UV-

irradiation as compared to common poly(propylene) (-PP) [35, 39, 42–47]. -

PP compared with -PP has a lower E-modulus and yield stress but higher 

ultimate tensile strength and strain. The improvement in the latter might be 

related to the -transition occurring during the necking which leads to the 

formation of the -phase of enhanced strength (strain-hardening) [5]. 

       

2.2.3 Application of -Nucleated Poly(propylene) 

 

The application of -PP is favoured in some fields, based on its high impact 

resistance and toughness. The -phase of isotactic poly(propylene) is used for 

industrial pipeline construction, dielectric capacitors (with roughened surface), 

paper like films, biaxially drawn microporous film (gas exchange membranes) 

and porous fibres with improved moisture adsorption [17, 37].  
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2 ISOTACTIC POLY(1-BUTENE) 

 

Isotactic poly(1-butene) (PB-1) is one of the members of the polyolefin family 

which exhibits advantages over the other polyolefins in toughness, tear strength, 

flexibility, creep, stress cracking resistance, impact resistance, abrasion 

resistance and high temperature resistance. However, even after more than 40 

years from its discovery, and despite its potentials, PB-1 is still a relatively new 

material that is being produced in limited quantities and has not yet found a 

large commercial success as compared to the other polyolefins. This is probably 

due to both the relatively high monomer cost, possibly coupled with difficulties 

in polymerization technology, and the special crystallization behaviour of the 

polymer [48].  

 

2.1 Molecular Structure of Poly(1-butene) 

 

Poly(1-butene) exists in different extents of tacticity: isotactic, syndiotactic, and 

atactic. The stereochemical configuration of successive monomer units in 

polyolefins such as poly(1-butene) can strongly affect the physical and 

mechanical properties of the polymers [49]. The tacticity of poly(1-butene) is 

strongly dependent on the catalyst system used, polymerization temperature, and 

reaction diluents [50]. The molecular structure of poly(1-butene) is illustrated in 

Figure 2.1.  

 

Figure 2.1 Molecular structure of poly(1-butene) 

 

Natta and coworkers first synthesized poly(1-butene) in 1954 using two-

component catalyst systems containing organoaluminium compounds and 

transition metal salts and halides. Subsequent modifications to the original 

Ziegler–Natta catalytic systems by other researchers helped to improve the 

degree of isotacticity [46]. Di Lorenzo et al. [51] revealed that isotactic poly(1-

butene), similarly to other semi-crystalline polymers, is characterized by a three-
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phase structure, composed of crystalline, mobile amorphous and rigid 

amorphous fractions. On the other hand, the synthesis of syndiotactic poly(1-

butene) was achieved only recently due to the discovery of the homogeneous 

metallocene catalytic systems [52]. Nevertheless, from commercial point of 

view isotactic poly(1-butene) is still the most important.   

 

2.2 Supermolecular Structure of Isotactic Poly(1-butene) 

 

For macroscopic behaviour of stereoregular PB-1 is important that isotactic and 

syndiotactic poly(1-butene) are semi-crystalline materials. Analogous to the 

other polyolefins with assymmetric monomer units also isotactic and 

syndiotactic poly(1-butene) exhibit polymorphic crystallization behaviour. Five 

different crystalline modifications have been reported, which are referred to as I, 

II, III, I’, and II’ [6–8, 53–58]. Natta et al. [6] were the first to discover that 

poly(1-butene) assumes an 113 helical conformation with a tetragonal unit cell 

when crystallizing from the melt. This crystalline structure is known as a phase 

II and upon ageing at room temperature is gradually transformed into the 

trigonal phase I. The phase III has been observed in films of poly(1-butene) 

precipitated from certain solvents [7]. Nakafuku and Miyaki [8] studied the 

effect of pressure on the crystallization behaviour of isotactic poly(1-butene). 

Above 200 MPa phases I’ and II’ are crystallized from the melt. The phase I’ is 

stable, however, the phase II’ is metastable at atmospheric pressure and 

transforms into the phase I’ on standing at room temperature. These phases 

show the same X-ray diffraction pattern as phases I and II but have a much 

lower melting temperature (phase I ,́ I – 96 versus 125 °C).  

 

The as-polymerized samples prepared with the Ziegler-type catalysts contain 

phases I and III. Melt crystallization usually leads to the formation of the phase 

II. However, when PB-1 is melt-crystallized under high hydrostatic pressure 

(over 100 MPa) formation of the phase I has been reported. Formation of the 

phase III has also been reported when PB-1 is melt-crystallized with a specific 

nucleating agent. In the case of crystallization from a dilute amyl acetate 

solution, all three phases can be obtained by controlling dissolution and 

crystallization temperatures. When the phases I and III were formed directly 

from the melt or from the amyl acetate solution, they transform into the phase II 

by annealing at 90–100 °C through a melting-recrystallization process [59]. 



15 

 

  

2.2.1 Structural Transformations of Isotactic Poly(1-butene) 

 

 The transformation of the phase II into the phase I is an interesting phenomenon 

which takes place after crystallization of PB-1 from the melt. The phase II is 

unstable and at room temperature and atmospheric pressure transforms into a 

stable 31 helix conformation with trigonal unit cells – phase I. This 

transformation takes about one week under normal conditions and is reflected in 

important changes in the physical-mechanical properties. During the 

transformation density, hardness, rigidity, stiffness and tensile strength increase 

to values characteristic for the phase I [60]. Moreover, the melting point 

increases from 120 to 135 °C [8]. The relatively constant values for ultimate 

tensile strength and elongation indicate that stretching or orientation accelerates 

the phase transformation [6]. The kinetics of this transformation is known to be 

also influenced by pressure [8], and temperature [52] (Figure 2.2). Apparently, 

the process is not accompanied by changes in the overall morphology and 

crystallinity; also, a small but significant increase of the degree of crystallinity 

of about 5 % has been reported for samples quenched from the melt [61]. 

 

Figure 2.2 Dependence of phase transformation of PB-1 on ambient temperature and 

pressure [61] 

 

At atmospheric pressure (0.1 MPa) the maximum rate of transformation occurs 

around 20 °C but drops significantly by increasing or decreasing the 

temperature. If ageing is performed at lower or higher temperatures than 20 °C 
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only the time to achieve final properties is prolonged: the final performance of 

the material itself is not affected. It can be shortened from days to only a few 

minutes by application of hydrostatic pressure of up to 200 MPa using a suitable 

autoclave [61]. Also it can be accelerated by addition of ethylene, propylene, 

etc., comonomers in the structure but it is hindered by 4-methyl-1-pentene. It 

has also been suggested that molar mass is another variable affecting the kinetics 

of the transformation [62]; a faster rate of transformation has been reported for 

oligomers of Mw lower than 4000 g/mol. This slow process is not advantageous 

for industrial applications and it is probably the main factor that has hindered the 

commercial relevance of this polymer [63–65]. 

 

Kinetics of structural transformation has been thoroughly investigated by means 

of various techniques, such as infrared spectroscopy, thermal analysis, e.g. 

differential scanning calorimetry [61, 63–65] or by X-ray diffraction, as shown 

in Figure 2.3 [65].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 WAXD patterns of sample PB 0300M at different ageing times [65] 

 

Also microindentation hardness allows to easily distinguish between the 

kinetically favoured phase II and the thermodynamically stable phase I of PB-1. 

The measured microhardness values of the phase I are shown to be notably 

higher than those of the phase II due to the higher chain packing density of the 

former [66]. 
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Despite the extensive investigation on the kinetics of PB-1 polymorphic 

transformation, its mechanism is not fully understood yet. The information and 

clarification of the influence of annealing temperature on kinetics of phase 

transformation and evolution of mechanical properties in poly(1-butene) is 

industrially vital but still missing. This lack of knowledge can contribute to the 

delay in commercialization of poly(1-butene). 

 

2.2.2 Properties of Isotactic Poly(1-butene) 

 

Isotactic poly(1-butene) is a semi-crystalline polymer with high isotacticity and 

consequently high crystallinity. In analogy to others thermoplastics PB-1 shows 

viscoelastic behaviour, i.e. its mechanical properties depend not only on stress 

and temperature but also on time [61]. 

 

Table 2.1 Properties of PB-1, PP, PE-HD and PMP [67, 68] 

Property of material PB-1 PP PE-HD PMP 

Flexural elastic modulus [MPa] 450 1000–1700 400–1100 800–1200 
Tensile strength at yield [MPa] 20 30–43 26–33 23–28 

Tensile strength at break [MPa] 35 29–30 18–33 17–20 

Elongation at break [%] 300 500–900 12–700 10–25 

Notched impact strength 

[kJ/m
2
] 

20 21–320 43–750 100–200 

 

The Table 2.1 gives a comparison of typical average values of mechanical 

properties of PB-1, PP, high density poly(ethylene) (PE-HD) and poly(4-methyl-

1-pentene) (PMP) [67, 68]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Tensile behaviour of PB-1 vs. other polyolefins [61] 
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Poly(1-butene) possesses a unique tensile behaviour which is based mainly on 

chain entanglements. Upon loading no necking behaviour of PB-1 appears [69]. 

However, the conditions of specimen preparation and the way of measurement 

may be responsible for the suppresion of yielding (Figure 2.5) [61]. 

 

Isotactic poly(1-butene) possesses excellent impact toughness. The IZOD 

notched impact strength (ISO 180) of PB-1 is classified as “no break” at room 

temperature. Due to a glass transition temperature of PB-1 located at approx.  

-16 °C the material retains its flexibility even at temperatures below freezing 

point which strongly facilitates installation of pipes during cold seasons [61]. 

 

Isotactic poly(1-butene) shows very good wet abrasion resistance in wet 

sand/slurry environment. In this case it is comparable with ultra high molecular 

weight poly(ethylene) which is well known for its outstanding abrasion and 

wear resistance. Contrary, in dry conditions PB-1 behaves similarly to 

conventional polyolefins [61]. 

 

On the other hand, significant problems can appear when applying surface 

coating, sticking or printing because poly(1-butene) is non-polar, hydrophobic 

polymer with poor adhesion and wettability. In this context, many application of 

this polymer require modification of the surface and adhesive properties. With 

the aim of improving the low wettability and adhesive properties of polymers 

such as poly(propylene), poly(ethylene), poly(styrene) etc., plasma treatment has 

been widely used in recent decades [70–73]. It is very efective method when 

only outermost atomic layers of the polymer are modified [74]. Generally, 

surface wettability of polymers can be influenced by several factors: (i) 

chemical composition, (ii) morphology and roughness, and (iii) molecular 

structure at the polymer surface, with emphasis on conformation and orientation 

of functional groups, and chemical bonding [75–78]. To improve the surface 

properties it is important to understand the interrelations between these factors 

and wettability. Nevertheless, published studies dealing with plasma-modified 

poly(1-butene) are very scarce, Shen Chou et. al used radio frequency plasma 

polymerisation to treat glass fibres to improve the interfacial adhesion between 

PB-1 and glass fibre [79].  

 

Transparency and translucency of isotactic poly(1-butene) depend upon its 

crystallographic form. The unstable phase II of PB-1 is colourless, transparent, 

soft and easily deformed. In contrast, the stable phase I is translucent or opaque 

with a refractive index in a region of 1.52 to 1.53 [80], rigid and resistant to 

mechanical deformation. However, this transition to the phase I often yields 
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finished products with undesirable shape changes and changes in optical 

properties [81]. 

 

From the commercial point of view good electrical insulation properties of PB-1 

are important [71]. Products, e.g. pipes made from PB-1 exhibit excellent sound 

dampening properties thanks to their high elasticity and low density (950–960 

kg/m
3
) [82].  

 

2.2.3 Photodegradation of Isotactic Poly(1-butene) 

 

The knowledge of the relationships between supermolecular structure and 

properties of PB-1 is important for the estimation of the lifetime of the polymer. 

Durability of polymers can be strongly affected by the environment and 

especially by photodegradation processes. The degradability of semi-crystalline 

polymers is significantly influenced by their morphology. 

 

As generally accepted, degradation reaction of semi-crystalline polymers 

proceed predominantly in amorphous regions. However, physical factors, such 

as the size, arrangement and distribution of crystalline regions, affect the 

degradation process as well. Photodegradation kinetics in polymer systems 

basically depends on oxygen permeability through the material [83]. The rate of 

oxidation drops with decreasing oxygen diffusin, following the increase of 

crystallinity and molecular orientation. 

 

On the other hand, the crystallinity and the molecular orientation determine the 

mobility of the radicals and therefore reduce the rate of termination, allowing an 

increase in the propagation of chemical reactions leading to molecular scission; 

this effect is opposite to that caused by reduced oxygen mobility. Which of these 

two effects will predominate depends on the oxidation conditions, including the 

type of degradation, temperature and oxygen concentration [39, 84]. The 

situation is more complicated in the case of polymorhpic polymers because the 

rate of photooxidation is dependent on the type of phase [85, 86]. 

 

Two types of processes occur during polymer photodegradation: (i) primary 

photochemical reactions due to the absorbed radiation, resulting in the formation 

of free radicals or non-radicals rearrangement; and (ii) secondary reactions in 

which radicals formed initiate a number of reactions which are independent of 

the light [83, 87]. 
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Degradation behaviour of PB-1 is not still fully described. However, it is 

supposed to be similar to isotactic poly(propylene) due to the presence of 

tertiary carbon on the backbone. Photodegradation of plastic materials is caused 

mainly by UV-light with wavelength of 290–400 nm. Because neat 

poly(propylene) and also poly(1-butene) contain only C-C and C-H bonds they 

do not absorb the light above the wavelength 200 nm, and thus they are not 

highly sensitive to the UV-light. However, chromophors which are developed 

during polymerization or thermal processing of commertial polymers cause the 

photolysis. Chromophores are sensitive to the photolysis by the light above the 

wavelength 300 nm. The fact that photodegradation of polymers occurs even 

above 300 nm indicates the presence of some kind of chromophoric groups in 

these polymers [87]. 

 

Specified by-products of the free radical oxidation of most polymers are 

hydroperoxides [88]. The mechanism of radical oxidation in poly(1-butene) is 

still unknown, nevertheless, the similar mechanism as in the case of 

poly(propylene) is suggested, where resulting hydroperoxides are predominantly 

tertiary (≈ 90 %), the remainder being essentially secondary ones [89]. 

 

 

2.2.4 Application of Isotactic Poly(1-butene) 

 

The main areas of PB-1 application covered creep resistant applications, such as 

tanks, hose and tubing, moulded parts, etc. Piping systems made from PB-1 are 

being used today in a wide range of applications, e.g. domestic and commercial 

plumbing (hot and cold water supply); floor and wall heating; radiator 

connections; community and district heating projects and many more. The next 

groups are film applications – controlled adhesion, sealants, film modifiers, 

shrink film, etc; compounds and additives; fibre and fabric applications; hot melt 

adhesives and other applications [90].  
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AIMS OF THE DOCTORAL STUDY 

 

Several different grades of -nucleated isotactic poly(propylene) and isotactic 

poly(1-butene) were selected for the study. These polymers show a number of 

attractive properties that distinguish them from the most common polyolefins 

and offer wide range of applications. A fundamental presumption for their use is 

a need to understand interrelations between structure, macroscopic properties 

and processing. 

 

Thus, the main goal of the study is experimental determination of the 

interrelations between structure, processing, and macroscopic properties of -PP 

and PB-1. These factors are studied on the molecular and supermolecular 

structure levels using various experimental devices and methods such as wide-

angle X-ray scattering, differential scanning calorimetry, X-ray photoelectron 

spectroscopy, atomic force microscopy, contact angle measurement, oscillatory 

rheometry, and mechanical testing. 

 

Consequently the main attention within this work is particularly dedicated to 

following points: 

 

 The effect of molecular structure and processing conditions on the 

efficiency of specific nucleation in isotactic poly(propylene). 

 

 The influence of annealing temperature on the kinetics of phase 

transformation and evolution of mechanical properties in isotactic poly(1-

butene). 

 

 Modification of isotactic poly(1-butene) surface by plasma treatment. 

 

 Characterization of photodegradation of isotactic poly(1-butene). 
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SUMMARIES OF PAPERS 

 

In the following, short summaries and the major results of Papers I to IV are 

presented. 

 

The Paper I (Joint Effects of Molecular Structure and Processing History on 

Specific Nucleation of Isotactic Polypropylene) focuses on the influence of 

molecular parameters and thermal history on specific nucleation of isotactic 

poly(propylene). Commercially available isotactic poly(propylene) with broad 

range of molecular weights, from 240 000 to 1 300 000, was modified by 0, 0.01 

and 0.03 wt.% of β-specific nucleation agent N,N’-dicyclohexylnaphthalene-2,6-

dicarboxamide. Specimens were then compression-moulded at various 

processing temperatures and times. The interrelation between β-specific 

nucleation, thermal history, and molecular weight has been investigated by 

wide-angle X-ray scattering, differential scanning calorimetry, and scanning 

electron microscopy. Samples with low nucleator concentration showed a 

dramatic decrease of nucleation activity with increasing molecular weight, and 

processing time and temperature. This behaviour was ascribed to the 

temperature-dependent solubility of the nucleator in poly(propyle) melt and a 

competition between heterogeneous β-nucleation and self-nucleation.  

 

The effect of annealing temperature on the both kinetics of polymorphic changes 

and mechanical properties within the time in isotactic poly(1-butene) was dealt 

in the paper II (Effect of Annealing Temperature on Phase Composition and 

Tensile Properties in Isotactic Poly(1-butene)). For these purposes wide-angle 

X-ray scattering and tensile testing were used. Extruded tapes of PB-1 have been 

exposed to several annealing temperatures: -22, +5, +22, +40 and +60 °C. The 

evolution of content of phase I for various annealing temperatures upon time 

shows predominantly S-shaped trend. Annealing temperature considerably 

affects the overall rate of transformation in poly(1-butene). On the contrary, the 

resulting mechanical properties are solely controlled by the polymorphic 

composition. 

 

The paper III (The Effect of Plasma Treatment on Structure and Properties of 

Poly(1-butene) Surface) presents the influence of plasma treatment on the 

poly(1-butene) surface. Several types of plasmas based on air, argon, argon and 

then allylamine, argon wearing ammonia and argon with octafluorocyclobutane 

have been used. Modified surface of poly(1-butene) was characterized by 

contact angle measurements, X-ray photoelectron spectroscopy and atomic force 

microscopy. The plasma treatment greatly changed the surface chemistry. The 
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polar functional groups generated almost all used types of plasma treatment on 

the surface of poly(1-butene) sheets cause decrease in contact angle and increase 

of hydrophilicity. Contradictory effect causes fluorocarbon plasma. Surface 

morphology and chemical composition of plasma-modified samples remains 

nearly unchanged upon a given time. The gradual changes in surface 

hydrophilicity/hydrophobicity of plasma-treated PB-1 samples can be attributed 

to the variation of the conformation of plasma-introduced functional groups.  

 

In the paper IV (Photodegradation of Isotactic Poly(1-butene): Multiscale 

Characterization) is studied the effect of photodegradation on the isotactic 

poly(1-butene). Photodegradation of PB-1 leads to induction of chemical and 

physical heterogeneities; therefore it is necessary to predict the material 

durability. For these reasons oscillatory shear rheology is appropriate method for 

analysis of molecular chain motions, infrared spectroscopy for characterization 

of evolution of chemical species in PB-1 and finally differential scanning 

calorimetry for observation of changes in melting and crystallization behaviour 

and impact on kinetics of phase transformation. Thermal analysis determined 

significant changes in crystallization behaviour influencing morphology 

arrangement and resulting thermal properties. Moreover it has been proven that 

the degradation significantly retards the phase transformation. Rheological 

measurement has been found as an effective method for determination of early 

stages of photodegradation of PB-1. 
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CONTRIBUTIONS TO THE SCIENCE AND PRACTICE 
 

The presented doctoral thesis deals with the modification of novel polyolefins, 

as β-nucleated isotactic poly(propylene) and isotactic poly(1-butene). The 

contributions of the current study to the level of scientific knowledge are as 

follows: 

 

 Examination and understanding of the effect of isotactic poly(propylene) 

molecular weight on the sensitivity to specific nucleation opened a new 

insight into the mechanism of specific nucleation process and, at the same 

time, brings about practical recommendations important for optimizing 

processing technology. 

 

 An evidence and explanation of the influence of annealing temperature on 

kinetics of phase transformation and evolution of mechanical properties in 

isotactic poly(1-butene). 

 

 Modification of the surface properties of isotactic poly(1-butene) using a 

radio frequency plasma important for several industrial applications. 

 

 Multiscale characterization of photodegradation of isotactic poly(1-

butene) is important both from theoretical and practical points of veiw. 

 

Obtained results were already published or have been submitted to publication. 

Some of them have direct practical importance for application in industry 

(pipes) and medicine (syringes). 
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ABSTRACT 

 

This paper is focused on the chemical and morphology changes in the surface of 

poly(1-butene) (PB-1) generated by plasma treatment. The radio frequency 

capacitively coupled plasma (air, argon, argon then allylamine, argon containing 

ammonia and argon with octafluorocyclobutane) was used. Modified surface of 

PB-1 was characterized by contact angle measurements, X-ray photoelectron 

spectroscopy, and atomic force microscopy. The surface hydrophilisation by air 

and argon with ammonia plasmas was evaluated as most sufficient. Oppositely, 

a high level of hydrophobicity of PB-1 surface was reached by combination of 

argon with octafluorocyclobutane plasma. Upon plasma modification, 

hydrophilicity/hydrophobicity of treated surfaces remained stable within three 

days under air atmosphere and then values of contact angle slowly recovered to 

those of unmodified PB-1. However, morphology and surface chemical 

composition of plasma-modified samples remained generally unchanged during 

observed time. Changes in surface hydrophilicity/hydrophobicity of plasma-

treated PB-1 were attributed to variance of conformation of the surface 

molecules. 
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INTRODUCTION 

 

Isotactic poly(1-butene) (PB-1) is one of the semi-crystalline polymers which 

exhibits pronounced polymorphism and morphologies depending on thermal 

treatment and mechanical handling. Five different crystalline modifications 

designed as I, II, III, I´ and II ,́ have been reported.
1–4

 PB-1 upon solidification 

from the melt crystallizes into tetragonal phase II however this phase is 

metastable and transforms slowly into more stable trigonal phase I.
1
 Resulting 

polymer is stiff with satisfying properties.  

Poly(1-butene) has numerous applications in many fields of industry because of 

its outstanding resistance to creep, good mechanical properties, chemical 

resistivity, easy processing, low manufacturing costs and easy recycling.
5–9 

On 

the other hand, this polymer is known as non-polar, hydrophobic material with a 

low surface energy, poor adhesion and wettability, resulting in significant 

problems when surface coating, printing or sticking is applied. Therefore many 

applications of these polyolefins require improvement of their surface and 

adhesive properties. In this context a lot of methods have been devised and 

commercially used to modify the surface. Among them plasma treatment is a 

very effective way to enhance the hydrophilicity of polymer surface without 

affecting its intrinsic bulk properties including mechanical properties since only 

outermost atomic layers are modified.
10

 Plasma can interact with the polymers 

through the formation of cross-linkages between adjacent polymer chains or by 

chain scission.
11

 The improvement of surface hydrophilicity is induced by 

formation of new oxygen containing groups on the surface, such as carbonyl, 

carboxyl or hydroxyl.
12–14

 On the contrary, some applications of these polymers, 

e.g., diffusion barrier or corrosion protection, required hydrophobic character of 

polymer surface. For these purposes fluorocarbon plasmas is an efficient tool to 

increase contact angle and improve hydrophobicity.
 15–17

 

Plasma processing of polymers is a common procedure. Many studies have been 

focused on the plasma treatment of poly(propylene),
18

 poly(ethylene), 

poly(methyl methacrylate),
19 

poly(ethylene terephthalate),
20

 poly(carbonate), 

poly(styrene),
21

 viscose textile,
22

 poly(tetrafluoroethylene),
23

 poly(p-phenylene 

sulphide),
24

 poly(ether sulfone)
25

 and poly(dimethylsiloxane)
26

. Nevertheless, 

the published studies dealing with plasma-modified poly(1-butene) are very 

scarce, Shen et al. used radio frequency plasma polymerization to treat glass 

fibres to improve the interfacial adhesion between poly(1-butene) and glass 

fibre.
27

  

Present paper reports experimental results concerning poly(1-butene) surface 

properties modified by plasma treatment. Main attention has been directed to the 

factors that critically influence surface wettability of polymers: (i) chemical 

composition analyzed by X-ray photoelectron spectroscopy (XPS); (ii) 
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morphology and roughness observed by atomic force microscopy (AFM), and 

(iii) molecular structure at the polymer surface, with emphasis on conformation 

and orientation of functional groups, and chemical bonding.
28–32

 Knowledge of 

the local conformation of the functional groups at the surface is extremely 

important for understanding the surface properties of polymers. The surface 

hydrophilicity/hydrophobicity was characterized by contact angle (CA) – 

“sessile drop” method. The interrelations between these factors and surface 

wettability have been investigated. To improve the surface properties to the best 

advantage and simultaneously minimize ageing effects it is necessary adjust the 

gas composition and the plasma conditions to the polymer type. For this purpose 

plasma containing five various gasses has been chosen. 
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EXPERIMENTAL SECTION 

 

Materials 

 

In this study, two commercially-available grades of isotactic poly(1-butene) 

produced by LyondellBasell Louvain la Neuve, Belgium, were used, a 

homopolymer PB 0300M (homoPB), characterized by melt flow index of 4 g/10 

min (190 °C/2.16 kg) and density of 0.915 g.cm
-3

, and a random copolymer of 

butene-1 with low ethylene content, PB 8640M (coPB) with melt flow index 1 

g/10 min and density 0.906 g.cm
-3

. 

PB-1 sheets, approx. 1 mm thick, were prepared by compression molding. Prior 

to any treatment, rectangular samples with dimension of 80 × 10 mm were cut 

out, washed in acetone, ethanol, distilled water and then dried at temperature of 

40 °C for 20 min. The blank and treated samples were stored in desiccator (with 

gelatinous silicic acid for standard humidity) under pressure 20 Pa. 

 

Methods 

 

Plasma treatment was performed by reactor FEMTO, Diener, Germany, with 

capacitively coupled plasma. The reactor chamber was a cylinder of 320 mm 

length and 150 mm diameter. The processing conditions were selected: radio 

frequency 13.56 MHz, the generator power 50 W, gas flow 5 cm
3
.min

-1
, 

processing pressure 30Pa, and time of plasma treatment 60 s. The following 

processing gasses were used: air, argon (Ar), argon and thereafter 3 hours in 

allylamine vapor (Ar/C3H5NH2), argon bubbled through ammonia (Ar/NH4) and 

mixture of 50 % argon and 50 % octafluorocyclobutane (Ar/C4F8). 

The contact angle measurement was performed on Surface Energy Evaluation 

System, Advex Instruments, Czech Republic, at room temperature to evaluate 

the hydrophilicity/hydrophobicity of the samples. A "sessile drop" technique 

was used in this study. Water after reverse osmosis was utilized in all 

experiments. The drop volume was 4 μl. Ten separated readings of contact angle 

were averaged to obtain one representative value for each substrate and standard 

deviations were evaluated. Contact angle of pure PB-1 and plasma-treated PB-1 

at various time (from 10 min to 14 days) after plasma treatment were measured. 

Surface composition was analyzed with an XPS instrument TFA XPS Physical 

Electronics, USA. The base pressure in the chamber was about 6×10
−8

 Pa. The 

samples were excited with X-rays over a 400 µm spot area with a 

monochromatic Al K  radiation at 1486.6 eV. The photoelectrons were 

detected with a hemispherical analyzer positioned at an angle of 45° with respect 

to the normal to the sample surface. Survey-scan spectra were made at a pass 

energy of 187.85 eV and an energy step of 0.4 eV, while for O1s, N1s, F1s 
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individual high-resolution spectra were taken at a pass energy of 23.5 eV and an 

energy step of 0.1 eV and for C1s at 11.75 eV and 0.05 eV energy step, 

respectively. An electron gun was used for surface neutralization. All spectra 

(not containing F) were referenced to the main C1s peak of the carbon atoms 

which was assigned a value of 284.8 eV. The spectra containing F were shifted 

to 291.8 eV (CF2 binding of carbon atom). The concentration of elements and 

concentration of the different chemical states of carbon atoms in the C1s peak 

were determined by using MultiPak v7.3.1 software from Physical Electronics. 

Carbon C1s peaks were fitted with symmetrical Gauss-Lorentz functions. A 

Shirley-type background subtraction was used. To evaluate durability of surface 

composition the XPS analysis were carried out immediately and 14 days after 

plasma treatment. 

The surface topography of untreated and plasma-modified PB-1 samples was 

studied on a nanometer scale using atomic force microscopy. The AFM images 

were recorded by NTEGRA-Prima, NT-MDT, Russia. A single crystal silicon 

probe with force constant of 11,8 N/m and scanning rate of 0.3 Hz was used.  

Identical area of 50 × 50 µm was scanned at the sample before and after plasma 

treatment.  
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RESULTS AND DISCUSSION 

 

The extent of hydrophilic/hydrophobic modification of the plasma-treated PB-1 

sheets was investigated by CA measurement. Figure 1 shows the variation in the 

CA of pure and plasma-modified homoPB (up) and coPB (down) specimens. 

The values of contact angle of untreated homoPB and coPB sheet reach 99° and 

104°, respectively. PB-1 and other polyolefins are strongly hydrophobic due to 

the lack of polar function groups on their polymer chains.
33

 However, plasma 

treatment causes change of surface properties. In most cases, except of Ar/C4F8 

plasma, decrease of CA can be seen. The most obvious decrease of CA was 

observed in the case of the sample homoPB after air plasma treatment (65°) and 

homoPB after Ar/NH4 plasma (67°). On the other hand, the minimum decrease 

of CA was achieved in the samples treated by Ar/C3H5NH2 plasma (homoPB ~ 

86° and coPB ~ 84°). This decrease of CA can be ascribed to the formation of 

hydrophilic groups on the plasma-treated polymer film surfaces. The plasma 

creates radical species on the polymer surface, mainly through polymer chain 

scission or hydrogen abstraction by bombardment of plasma particles. These 

species can combine with oxygen from air, and thus also contribute to increase 

of the amount of polar groups such as –OH, C=O, COOH and COO– on the 

plasma-treated polymer surfaces. Hence these polar groups cause that the 

plasma-treated polymer surfaces become more hydrophilic compared to the 

untreated polymer surface.
34,35

 As can be seen, the drop of contact angles in 

homoPB are rather comparable to that of coPB. However, situation is absolutely 

different in the case of Ar/C4F8 plasma where increase of CA was observed 

(homoPB ~ 111° and coPB ~ 113°) reflecting pronounced surface 

hydrophobicity.  

Upon plasma modification, hydrophilicity/hydrophobicity of treated surfaces 

remained stable within three days under air atmosphere. Nevertheless, with 

prolonged time slow increase of CA can be observed. This process of 

hydrophobic recovery of the plasma-treated PB-1 samples results from the 

tendency to reduce surface energy and increase its contact angle to be more 

resemble to the intrinsic bulk of polymer. From thermodynamic point of view, 

the polar functional groups tend to rearrange toward bulk reaching homogeneous 

distribution within outer layer of polymer surface.
24,28-32

 Moreover, variations of 

both chemical composition and morphology in surface may contribute to the 

partial recovery of contact angle. 

Surface chemical composition of neat and plasma-treated PB-1 samples was 

characterized by XPS measurements. Figure 2 (up) shows the concentration of 

atoms in surface of untreated materials and plasma modified samples directly 

upon treatment. Neat homoPB and coPB samples (measured immediately – Fig 

2 up and 14 days after plasma treatment – Fig 2 down) contain predominantly 
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carbon (approximately 99.0 %, resp. 99.1 %) and insignificant amount (under 

0.95%) of oxygen and nitrogen was similar for all untreated materials. As can be 

seen, plasma-treated samples (except of those modified by Ar/C4F8 plasma) have 

generally similar surface composition: nitrogen concentration up to 8 at.% and 

oxygen concentration up to 15 at.%. Since nitrogen and oxygen are found 

already on untreated samples, it can be concluded that insignificant amount of 

nitrogen is incorporated into the surface during treatment in Ar/C3H5NH2 or 

Ar/NH4. Chemical composition is considerable different in the case of the 

Ar/C4F8 treated samples where 57–61 at.% of F was detected at the surface. 

Furthermore, higher content of nitrogen on the surface up to 6 at.% and 

neglectable concentration of oxygen – less than 1 at.% can be found. XPS 

measurements were repeated again 14 days after plasma treatment (Figure 2, 

down) to assess the effect of ageing process (post-reactions) on the surface atom 

composition of homoPB and coPB samples. From comparison of Figure 2 up 

and down it can be clearly seen that the differences of chemical composition of 

plasma treated surfaces measured immediately and 14 days after plasma 

treatment are insignificant. Therefore, hydrophobic recovery of contact angle in 

plasma-modified samples cannot be ascribed to the time-dependent changes of 

surface integral chemical composition.   

A more detailed analysis of the XPS spectra of the carbon C1s region of the 

untreated homoPB and coPB samples revealed the formation of different 

functional groups (Figure 3). Prevailing component of the C1s peak located 

approx. at 284.8 eV indicates the existence of hydrocarbon components (C–C 

and/or C–H bonds)
35

. A weak shoulder is consistent with the levels of oxygen 

and carbon detected in the survey scans and was fitted with two peaks 

corresponding to carbon singly bonded to oxygen and to nitrogen (C–O/C–

N)
36,37

 at approx. 285.9 eV, and to carbon doubly bonded to oxygen (C=O)
38

 at 

approx. 288.0 eV. In some components, like C–O and C–N, the binding energies 

of the C1s peak are very close, making it almost impossible to identify 

unambiguously the component.  

As expected, according to the surface composition shown in Figure 2, carbon 

peaks of homoPB and coPB samples treated by air, Ar, Ar/C3H5NH2 and 

Ar/NH4 plasma looks quite similar indicating that there are only small 

differences between the samples. Figure 4 shows XPS spectra of the carbon C1s 

region of the homoPB sample 14 days after Ar/NH4 plasma treatment. The 

majority of carbon atoms can be found in C–C bonds (binding energy 284.6 eV) 

and minority in C–O/C–N bonds (286.5/286.3 eV), C=O bonds (287.9 eV)
 
and 

O=C–O bonds (289.2 eV)
37

. Similar spectra have been also observed for the 

other treated samples. The C1s peaks of all surface-treated samples show 

significantly stronger contributions at the higher binding energy side of the C–C 
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peak, arising from the creation of oxygen-containing functional groups at the 

surface.  

Curve fitting of carbon C1s peaks of homoPB and coPB samples 14 days after 

Ar/C4F8 plasma treatment are shown in Figure 5. Very broad spectrum indicates 

formation of various different carbon–fluorine bonds at the higher binding 

energies.  The majority of carbon atoms can be attributed to CF3 and CF2 bonds 

located at approx. 293.8 and 291.8 eV
39

 and minority to C–C/H bonds (285.1 

eV). In the case of coPB results apparent increase of CF and CF2 bonds at the 

expense of C–C/H bonds can be observed.  

To evaluate the extent of morphological changes on the surface, AFM images 

of untreated and plasma-modified homoPB samples have been reproduced. It 

has been reported that influences of surface roughening on contact angles 

disappear if the surface roughness is smaller than 0.1 μm.
40–44

 According 

Busscher,
40

 surface roughening tends to increase observed contact angles, if the 

contact angle on the smooth surface is above 86°, whereas contact angles 

decrease if the contact angle on the smooth surface is below 60°. For contact 

angles on the smooth surface between 60° and 86°, surface roughening was 

found not to influence measured contact angles. Figure 6 depicts the 

representative images of samples before and after air and fluorocarbon plasma 

treatment. Figure 7 shows histograms of the brightness distribution of roughness 

height of homoPB samples before and after air plasma treatment (up) and before 

and after fluorocarbon plasma treatment (down). It can be seen that the 

differences in morphology and roughness of surfaces before and after plasma 

treatment are neglectable independently on plasma modification.  

As mentioned above, surface hydrophilicity/hydrophobicity can be affected by 

chemical composition, surface roughness and variance in conformation of 

functional groups. Our observations suggest that the time-dependent changes in 

surface wettability of plasma-treated PB-1 samples cannot be attributed to 

the variation of surface morphology and surface chemical composition. 

Therefore changes in conformation of the surface molecules should play a main 

role. Mechanism of conformation changes is depicted in Figure 8. Untreated PB-

1 consists predominantly of carbon and hydrogen which results in non-polar 

structure. This polymer is hydrophobic with a high values of CA (Figure 8, up). 

However, plasma treatment induces formation of polar functional groups which 

are preferentially ordered on the tips of the surface. During contact with water 

droplet, presence of these polar groups causes increase of hydrophilicity and 

thereby decreases contact angle (Figure 8, middle). However, the introduced 

polar functional groups tend to equilibrium positions via conformation and 

orientation gradual changes. Thus the concentration of functional groups on the 

interfacial area is reduced which is followed by the increase of CA (Figure 8, 

down). 
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CONCLUSIONS 

 

The experimental study has been focused on modification of the poly(1-butene) 

surface using radio frequency plasma. The influence of various processing 

gasses was investigated. Plasma treatment greatly changed the surface 

chemistry. The polar functional groups generated upon almost all used types of 

plasma treatment caused decrease in contact angle and increase of surface 

hydrophilicity. Contradictory effect can be observed in the case of fluorocarbon 

plasma which causes increase of contact angle and increase of hydrophobicity. 

In all the samples, the recovery of contact angle, i.e. wettability, to the initial 

values was observed upon a given time. Surface morphology and chemical 

composition of plasma-treated samples samples remain nearly unchanged within 

observed period. Therefore, the gradual changes in surface 

hydrophilicity/hydrophobicity of plasma-treated PB-1 samples can be attributed 

to the variation of the conformation of plasma-introduced functional groups. 
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Figure 1 Contact angle variation of plasma-treated homoPB (up) and coPB 

(down) specimens as a function of time. 
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Figure 2 Surface composition of homoPB and coPB samples measured 

immediately (up) and 14 days (down) after plasma treatment. 
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Figure 3 Carbon C1s peak of untreated homoPB (up) and coPB (down) 

samples. 
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Figure 4 Curve fitting of carbon peak of sample homoPB+Ar/NH4 14 days after 

plasma treatment. 
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Figure 5 Curve fittings of carbon peak of homoPB (up) and coPB (down) 

samples treated by Ar/C4F8 plasma, 14 days after treatment.  
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Figure 6 AFM images of homoPB samples topography before and after air 

plasma treatment (up) and before and after fluorocarbon plasma treatment 

(down). 



III:20 

  

 

 

 

Figure 7 Histograms of the brightness distribution of roughness height of 

homoPB samples before and after air plasma treatment (up) and before and after 

fluorocarbon plasma treatment (down).  
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Figure 8 Scheme of mechanism of surface conformation changes. 
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