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Summary 

Nucleating agents are of major importance in processing of (semi-)crystalline polymers, 

since they allow for tailoring of the polymer micro-structure and, hence, provide 

enhanced control over the macroscopic properties of these materials. In addition, use of 

nucleating agents is economically beneficial, as they increase the polymers’ 

crystallization temperature, leading to shorter processing cycles and associated energy 

savings. A sub-group of nucleating agents consists of so-called “clarifying” agents, i.e. 

additives that are used to improve the optical properties of a polymer - most prominently 

isotactic polypropylene (i-PP). Remarkably, in spite of their great utility, the fundamental 

mechanisms by which these additives impart transparency to the polymer still are not well 

understood, impeding identification of molecular characteristics that would lead to more 

efficient clarification of a broader range of polymers. Therefore, the main objective of the 

research described in this thesis was to further elucidate the mechanism of nucleation and 

clarification of semi-crystalline polymers. In particular, the behavior of representative 

agents and their effect on the polymer solid-state structure was studied with the aim to 

identify material characteristics that induce transparency in a clarified polymer. 

A versatile nucleating agent was found in poly(tetrafluoroethylene) (PTFE), enhancing 

crystallization in isotactic polypropylene, high-density polyethylene (HDPE), 

poly(oxymethylene) (POM), polyamide 12 (PA12), as well as poly(ethylene 

terephthalate) (PET). Oriented friction-deposited layers of PTFE are known to nucleate a 

wide range of materials, and proved to promote crystal growth also of the aforementioned 

polymers. Following the basic principles of friction deformation, fine PTFE fibrils were 

generated in-situ from virgin particles of this polymer during compounding with the 

molten bulk polymers, resulting in increased crystallization temperatures and decreased 

half-times of crystallization for all materials tested. In more detailed studies of the 

concentration dependence of the nucleation effect in i-PP and HDPE, enhanced 

nucleation was shown to occur already at PTFE contents as low as 0.001 % w/w. In 

addition it was found that compounding with PTFE lead to improved optical properties of 

the two former polymers. However, in spite of drastically decreased spherulite sizes in the 

nucleated bulk polymers, the improvement of their optical properties was rather modest 

when compared to that achieved with commercial clarifying agents. 
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A comprehensive study of one of such commercial clarifying agents and its effect on 

isotactic polypropylene is described in the second part, where the new sorbitol-based 

nucleating- and clarifying agent, 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-propylphenyl) 

methylene]-nonitol (TBPMN) was investigated. In concert with previous findings for 

related additives, the temperature/composition diagram of the binary system consisting of 

i-PP and TBPMN were found to be of the simple monotectic type, similar to that of, 

among others, i-PP/1,3:2,4-bis(3,4-dimethyldibenzylidene)sorbitol (DMDBS). In the 

concentration range where the additive crystallizes into a fine fibrillar network prior to 

the polymer nucleation, i.e. between 0.1 and 5 % w/w of the agent, the optical properties 

of i-PP progressively improve to remarkable levels of transparency, while the polymer 

crystallization temperature increases. Liquid-liquid phase separation was observed in 

binaries comprising more than ~5 % w/w TBPMN, leading to a deterioration of the 

optical properties of the solidified polymer. 

Intrigued by inconsistencies between earlier explanations for clarification (i.e. decreased 

spherulite sizes in the solidified polymer) and the lack of correlation between nucleating 

and clarifying ability noted in screenings of possible additives, the morphology of 

clarified polypropylene was investigated and contrasted with that of the neat and 

nucleated- non-clarified material. Using small-angle light scattering (SALS) as the main 

analytical tool, not only a drastic decrease, but also a complete change in light-scattering 

characteristics of the polymer were detected upon addition of clarifying agents. This 

change in scattering properties was found to be due to a drastic alteration of the polymer 

morphology, i.e. from a spherulitic to a rod-like structure with scattering entities of 

reduced size, caused by the extremely high density of nucleation sites provided by the 

clarifying agents, which prevents the development of full spherulites. The results from 

these SALS studies were confirmed by scanning electron microscopy investigations, in 

which the clarified polypropylene is indeed shown to grow off the fibrils of the additives 

into rod-like, shish-kebab-type entities, whereas nucleated, but non-clarified i-PP does 

not. 

The commonly observed spherulitic organization of polymer crystallites scatters light 

extremely efficiently due to the size of the spherulites, which is typically one order of 

magnitude above the wavelength of light, and their optically anisotropic character, 

resulting from the orientation of the lamellar crystals within the spherulites. This leads to 

materials with unfavorably high haze and poor transparency. Some improvement of these 
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optical properties can be achieved by reducing the size of the spherulites. However, 

systems that feature a random rod-like configuration of the crystalline polymer lamellae 

possess significantly less scattering power, and their optical properties are accordingly 

superior. In this study it is demonstrated that particular additive-induced change in 

polymer morphology is critical for clarifying the material - a good nucleating agent, 

merely inducing the formation of spherulites of reduced size, does not suffice. The 

identification of the change from spherulitic to rod-like morphology as a requirement for 

clarification offers a range of new possibilities in developing new clarifying agents, not 

only for isotactic polypropylene but also for other semi-crystalline polymers. 

Furthermore, the rod-like structure of such polymer solids could possibly be employed to 

achieve favorable properties in materials used in other areas. 

 

  



 

 
 

 



5 
 

Zusammenfassung 

Nukleierungsmittel sind von grösster Bedeutung in der Verarbeitung teilkristalliner 

Polymere, da sie es ermöglichen, die Mikrostruktur der Polymere gezielt zu kontrollieren, 

und damit auch erweiterte Kontrolle über die makroskopische Eigenschaften dieser 

Kunststoffen zu erlangen. Zudem sind Nukleierungsmittel von ökonomischer Bedeutung, 

da die Zugabe dieser Additive die Kristallisationstemperatur des Polymers erhöht. Dies 

führt zu kürzeren Verarbeitungszyklen und folglich auch zu Energieeinsparungen. Eine 

Untergruppe der Nukleierungsmitteln sind Klärungsmittel, d.h. Additive die die optischen 

Transparenz der Polymere - hauptsächlich isotaktischem Polypropylen (i-PP) - vorteilhaft 

beeinflussen können. Trotz des grossen Nutzens der Klärungsmittel sind die 

fundamentalen Mechanismen welche die Transparenz der Polymere verbessern immer 

noch nicht geklärt. Ein tieferes Verständnis der molekularen Eigenschaften könnte zu 

effizienteren Klärungsmitteln führen und die Einsetzbarkeit eventuell auch auf andere 

Polymere ausdehnen. 

Im ersten Teil dieser Arbeit wurde festgestellt, dass Poly(tetrafluororethylene) (PTFE) ein 

vielfältiges Nukleierungsmittel darstellt, das die Kristallisation des isotaktischen 

Polypropylene (PP), Hart-Polyethylen (PE-HD), Poly(oxymethylen) (POM), Polyamid 12 

(PA 12) sowie von Poly(ethylenterephthalat) (PET) fördert. Hoch-orientierte, durch 

Reibungstransfer hergestellte Schichten aus PTFE können eine Vielzahl verschiedener 

anorganischer sowie organischer Materialien wie auch die vorher genannten Polymere 

nukleieren. Durch Anwendung der grundlegenden Prinzipien der Reibungsdeformation 

wurden dünne Fibrillen in der Polymerschmelze in-situ, während der Verarbeitung der 

geschmolzenen Polymere, aus PTFE-Neugranulat generiert. Dadurch wurde die 

Kristallisationstemperaturen erhöht und die Kritallisationshalbzeiten für sämtliche 

getestete Werkstoffe verkürzt. Detaillierte Studien der Konzentrationsabhängigkeit des 

Nukleierungseffektes in i-PP und PE-HD zeigten bereits ab PTFE-Konzentrationen von 

0.001 Gew.-% erhöhte Kristallisationstemperaturen bei beiden Polymeren. Zudem 

erhöhte die Vermischung mit PTFE die optische Transparenz der Materialien. Die 

Verbesserung der optischen Eigenschaften war jedoch gering im Vergleich zu den 

Resultaten kommerzieller Klärungsmittel, trotz deutlich kleinerer Sphärolithgrössen im 

PTFE-nukleierten Polymer gegenüber dem unbehandelten Polymer. 
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Im zweiten Teil dieser Arbeit wird der Einfluss des neuen komerziellen sorbitol-basierten 

Nukleierungs- und Klärungsmittels 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-propylphenyl) 

methylene]-nonitol (TBPMN) auf isotaktisches Polypropylene ausführlich untersucht. In 

Übereinstimmung mit früheren Untersuchungen verwandter Additive zeigt das binäre 

Phasendiagramm von i-PP/TBPMN ein einfaches monotektisches Verhalten, ähnlich dem 

System i-PP/1,3:2,4-bis(3,4-dimethyldibenzylidene)sorbitol (DMDBS). Im Konzentra-

tionsintervall zwischen 0.1 und 5 Gew.-%, in dem das Nukleierungsmittel, vor der 

Kristallisation des Polymers, in ein filigranes Netzwerk kristallisiert, verbessern sich die 

optische Eigenschaften des festen Polymers zunehmend, bis eine hervorragende 

Transparenz erreicht wird. Gleichzeitig wird die Kristallisationstemperatur des Polymers 

erhöht. Bei einer weiteren Steigerung der Additivkonzentrationen über 5 Gew.-% konnte 

Phasentrennung zwischen beiden flüssigen Phasen beobachtet werden, was zu einer 

Verschlechterung der optische Transparenz des festen Polymers führte. 

Fasziniert von der Widersprüchlichkeit früherer Erläuterungen von Klärung (d.h. 

verkleinerte Sphärolithen im kristallisierten Polymer) und der fehlenden 

Übereinstimmung von Nukleierungs- und Klärungsfähigkeit verschiedener Additive, die 

in Studien von möglichen Nukleierungs- und Klärungsmitteln festgestellt geworden ist, 

wurde die Morphologie des geklärten i-PP untersucht und mit der des nukleierten- und 

des Reinpolymers verglichen. Mit Hilfe von Kleinwinkel-Lichtstreumessungen konnte 

festgestellt werden, dass bei Zugabe von Klärungsmitteln nicht nur die Streuintensität 

drastisch sinkt, sondern auch das Streudiagramm komplett verändert wird. Diese 

Veränderung in den Streueigenschaften des Polymers zeigt einen entscheidenden Wandel 

der Polymermorphologie - von einer durch Sphärulite gekennzeichneten Struktur zu einer 

aus stäbchenformigen Kristalliten. Die Erklärung dieses Strukturwandels ist die extrem 

hohe, durch das Klärungsmittel zur Verfügung gestellte Keimdichte, welche die Bildung 

vollständiger Sphärolite verhindert. Die Resultate der Kleinwinkel-Lichstreuanalysen 

wurden auch durch Rasterelektronenmikroskopiestudien (REM) bestätigt, die zeigen wie 

das geklärte Polypropylen in stäbchenförmige Shish-Kebab-Strukturen auf die Fibrillen 

des Klärungsmittels aufwächst, während nukleiertes, aber nicht geklärtes Polypropylen, 

wie üblich in sphärolitischen Strukturen kristallisiert. 

Diese gewöhnliche sphärolitische Organisation von Polymerkristalliten ist optisch 

anisotrop aufgrund der Orienterung der Lamellenkristallite in den Sphäroliten. Dadurch 

wird das Licht sehr effizient gestreut, was wiederum zu Materialen mit ungünstigen 
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optischen Eigenschaften führt. Die optischen Eigenschaften dieser Polymere können 

etwas verbessert werden durch Verkleinerung der Sphärolite. Hingegen haben Systeme, 

die eine stäbchenartige Organisation der Lamellen aufweisen, eine weit geringere 

Streukraft, und deren optische Eigenschaften sind dementsprechend überlegen. In der 

vorliegenden Arbeit wurde gezeigt, dass bestimmte, durch den Zusatz von Klärungsmittel 

verursachte, Veränderungen in der Polymermorphologie kritisch für die Transparenz des 

Materials sind. Ein effizientes Nukleierungsmittel, das nur die Grösse der Sphärolite 

verkleinert, genügt nicht. Die Erkenntnis des Überganges von Sphärolitischer- zu 

Stäbchenstruktur als Voraussetzung für Klärung, eröffnet eine Vielzahl neuer 

Möglichkeiten für die Entwicklung neuer Klärungsmittel, nicht nur für isotaktisches 

Polypropylen, sondern auch andere teilkristalline Polymere. Ausserdem könnte die 

Stäbchenstruktur solcher Polymere auch verwendet werden um andere günstige 

Materialeigenschaften zu erzielen. 
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Preamble 

Polymers appear in a great variety, covering a broad spectrum of material properties. 

These properties depend on the polymer’s molecular structure and configuration, which 

direct the solid-state structure of the material. Depending on how flexible, regular, long or 

bulky the molecular chains are, polymers will feature an amorphous, unordered or partly 

crystalline structure of their solid state. Amorphous materials are normally transparent, 

due to their homogeneous arrangement and lack of short- and long range order. 

Unfortunately, below their glass transition temperature, where they are most commonly 

applied, these polymers are very brittle. Partly crystalline, or semi-crystalline, polymers, 

on the other hand, generally order both on a molecular- and supramolecular level, where 

the crystalline fraction is organized into radially oriented lamellae, most often referred to 

as spherulites, separated by amorphous regions (Figure 1). The macroscopic properties of 

these polymers can be altered extensively by adjusting processing conditions and 

techniques, or by addition of various additives. 

 

 

Figure 1. A spherulite of isotactic polypropylene (i-PP) as seen in the optical microscope, using 

crossed polarizers and a ¼ λ plate, and schematic representation (reproduced from Ref. 1) of the 

organization of the crystalline lamellae and the amorphous, unordered phase within the spherulite. 
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1 Nucleating agents 

Decisive factors for the properties of semi-crystalline polymers are the degree of 

crystallinity and the size of the crystalline entities. Therefore, it is of great interest to be 

able to direct these characteristics by controlling the crystallization process. Due to the 

long-chain character and associated high viscosities of polymers, nucleation is often the 

limiting step in their crystallization. It generally only takes place at temperatures well 

below the melting temperature of the material, i.e. requiring high degrees of supercooling. 

By adding so called nucleating agents, heterogeneous nucleation sites are created in the 

polymer melt and crystallization is initiated at higher temperatures [e.g.2-5]. Hence, by 

controlling the number of nuclei, the number and size of the polymer crystallites can be 

altered to obtain favorable properties (Figure 2). Additionally, enhanced nucleation 

results in increased solidification rates, therewith reducing processing cycles, making 

such agents key additives in industrial applications 6. 

Initially observed in the case of impurities 7, heterogeneous nucleation due to foreign 

species in polymer melts quickly gained interest. Due to their great utility, vast numbers 

of additives have been investigated as nucleating agents for a number of different

 

  

 

Figure 2. Optical micrographs (crossed polarizers, ¼ λ plate) of isothermally crystallized neat 

i-PP (left) and i-PP comprising a nucleating agent (right), illustrating the drastic change in the 

number and size of the crystallites. The scale bar is 100 μm. 



13 
 

polymers [e.g. 8-12]. However, it has been problematic to identify the specific properties 

that these agents should possess to be effective - a problem also illustrated by the very 

different types of nucleating agents that are in use.  

The first nucleating agents investigated were inorganic salts and small-particle sized 

minerals such as clay, talc and silica 13-16. Though they are cheap and provide increased 

nucleation rates for several types of polymers, these agents have largely been surpassed 

by newer, more efficient agents. Also certain polymers and oligomers have been explored 

for their nucleating ability of other polymers 8, 17-19. For example, high-density 

polyethylene has been observed to nucleate both low-density polyethylene and isotactic 

polypropylene (i-PP) 20-22. Binsbergen and Beck conducted extensive searches for 

nucleating agents for the latter polymer, focusing on organic compounds such as organic 

pigments and salts of organic acids 9, 11, 23, 24. Both authors aimed to elucidate the 

characteristics decisive for the efficiency of the agents, but had to conclude that several 

factors contribute to their nucleating ability and were forced to be content with setting 

some basic guide lines for efficient agents only. 

Obviously, a heterogeneous nucleating agent needs to provide as large a solid surface area 

as possible (or as many sites as possible) for the polymer to nucleate on. Thus, it must be 

well dispersed and compatible with the polymer. A low surface free energy of the agent in 

contact with the polymer melt will allow good wetting of the additive 9. A crystalline 

structure, or surface features, of the additive that is close to that of the polymer may 

promote epitaxial growth, which has been advanced by most authors to be an important 

mechanism for initiating crystal formation 18, 25-30; although others hold an opposing 

view 17, 23, 31. Naturally, the agent should be in the solid state in the polymer melt at the 

temperature at which polymer nucleation takes place, and have a sufficient thermal 

stability in order not to limit the processing window of the material. Unfortunately, these 

guidelines are rather broad and provide little assistance, if any, in selecting candidates for 

nucleating crystallization of polymeric species. Consequently, most research on new 

nucleating agents has, just like the early studies by Binsbergen and Beck, been based on 

large screenings and trial and error 32-38. 
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Figure 3. Chemical structure of 1,3:2,4-bis(3,4-dimethyldibenzylidene)sorbitol (DMDBS), a 

representative of the sorbitol derivatives (left), and generic structure of the organic acid 

derivatives, where R is an apolar substituent and one or more of the amide bonds can be inversed 

(right). 

 

Recent searches for new nucleating agents, once again mainly for i-PP, have largely 

focused on additives which dissolve in the polymer melt during compounding, thus 

providing an extraordinary dispersion. Two main groups of these agents are sorbitol 

derivatives and organic acid derivatives 39, 40 (Figure 3). Since they are partly soluble in 

the polymer, the behavior of these agents is dependent on the phase diagram of the 

polymer/additive binary system. In the favorable concentration range, the agent 

crystallizes into fine needles or a fibrillar network, onto which the polymer can 

subsequently nucleate 41-43. Needless to say, such needles or networks will, at the 

optimum conditions, provide an incomparably high density of nucleation sites due to their 

high surface area. 

Nucleating agents are typically added in very small amounts relative to the polymer. 

Generally, leveling off in the nucleation efficiency is seen for concentrations of 1 % w/w, 

and in some cases already at significantly lower contents 3, 44. The efficiency of an agent 

is often characterized by the resulting peak crystallization temperature of the polymer at a 

certain cooling rate, conveniently measured by differential scanning calorimetry (DSC) 

(Figure 4). A scale has been proposed, where the crystallization temperature induced by 

the nucleating agent is compared to that of so-called “self-seeded” material, i.e. material 

nucleated by its own unmolten crystalline fragments 45, 46. The latter are assumed to be the 

ideal nucleating agent: i.e. possessing a perfect epitaxial surface and distribution. The 

agent’s impact on the overall rate of crystallization of the polymer can be quantified 

through the width of the crystallization peak (at half the peak height) recorded during 

non-isothermal cooling runs in DSC experiments.  
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Figure 4. Differential scanning calorimatry (DSC) thermographs of neat i-PP (---) and i-PP 

containing fibrillated poly(tetrafluoroethylene) (PTFE) (-) during dynamic- (left; cooling rate 

10 °C/min) and isothermal crystallization (right; crystallization temperature 135 °C). 

 

Alternatively, the nucleating efficiency can be described by the density of nuclei and 

crystallization half times obtained through sets of isothermal measurements and use of the 

Avrami equation 47, 48: 

( ) / ( ) 1 exp( )n
nX t X k t            (1) 

where X(t) is the crystallinity at time t, n the Avrami constant and kn the kinetic constant. 

As stated above, nucleating agents affect the macroscopic properties of the polymer 

through alteration of the structure of its solid state (“morphology”). An increased degree 

of crystallinity, higher crystallization temperature and decreased spherulite size have been 

observed, which were reported to modify the materials mechanical characteristics, 

inducing increased elastic modulus, yield point, tensile strength and impact 

strength 10, 41, 51-56. Certain agents were also claimed to cause increased dimensional 

stability of injection molded objects, due to a more homogeneous structure 19, 57. 

Additionally, optical properties can be affected by the selected additives, resulting in a 

more transparent material; the latter agents are often referred to as “clarifiers” 

(e.g. 36, 38, 41, 43, 52, 58, 59). 
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2 Polypropylene 

As already mentioned above, nucleating agents have been object to extensive research for 

a number of semi-crystalline polymers. One polymer where particularly intense efforts 

have been spent is isotactic polypropylene; and it is also here that the focus will lie. 

Isotactic polypropylene is an interesting and widely used commodity polymer, due to its 

good mechanical properties and low price. However, i-PP requires very high 

undercooling for crystallization to take place, due to its bulkier chains and more complex 

crystal unit cell arrangement compared to, for example, polyethylene (PE) (Table 1). 

Thus, nucleating agents can offer a great advantage in industrial processing times, as well 

as significantly influence the solid-state structure of i-PP.  

Depending on the solidification conditions, polypropylene can crystallize into four 

different crystal polymorphs; α (monoclinic), β (hexagonal), γ (triclinic) and a smectic 

form 60-63. The polymer chain conformation is identical in all four forms 

(threefold (31) helix) - they differentiate themselves only in the packing geometries of the 

macromolecules (Figure 5). α-PP is the dominating form generated under normal 

processing conditions, and is thermodynamically the most stable. In an intermediate 

crystallization temperature range, or in strongly sheared melts, the formation of β-PP is 

favored 64, 65, whereas the rarer γ-PP has been found to be promoted during crystallization 

under high pressure 66, 67. Normally, however, the γ-form is only observed in small 

fractions as an overgrowth onto α-lamellae 68. As noted, both the β- and γ-forms are 

 

 
      

 Tm
0 (°C) Tm (°C) Tc (°C) ∆T (°C) 

Tc, self-seeded 
(°C) 

Gmax, (μm/s) 

i-PP 188 165 113 75 136 0.33 

HDPE 141 132 115 26 117 83 

 

Table 1. Selected characteristic properties of i-PP and high-density polyethylene (HDPE); 

thermodynamic equilibrium melting temperature, Tm
0 49, typical melting temperature, Tm, typical 

crystallization peak temperature, Tc, observed upon cooling from the melt at 10 °C/min, 

undercooling, ΔT (Tm
0-Tc), maximum peak crystallization temperature in self nucleation, 

Tc, self-seeded and maximum crystal growth rate, Gmax 
50. 
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metastable and will transform into the α-polymorph upon mechanical deformation or 

thermal treatment. The β-polymorph of i-PP has been found to possess higher impact 

strength and toughness than the α-polymorph, making it the preferred form in some 

applications, while samples containing high percentages of the α-form feature better 

optical properties 36, 69-71. Different nucleating agents can be used to preferentially induce 

one or the other of the polymorphs, or mixtures thereof [e.g. 28, 36, 72-74], and to hinder it 

from transformation into other forms, thereby additionally providing control of the 

properties of the polymer solid. 

 

 
 

Figure 5. Left: Side- and top view (top, resp. bottom) of the conformation of an isotactic 

polypropylene macromolecule (image taken from Ref. 75). Center: Crystal structure of the α-

phase of i-PP as determined by Natta and Corradini 61, top, and of the β-phase after Keith et al. 60, 

bottom (images taken from Ref. 75). Right: Crystal structure of the γ-phase, with its 80° tilt 

between adjacent layers of isochiral helices, as determined by Brückner and Meille 76 (image 

taken from Ref. 77). All three structures are presented in the a-b plane. 
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3  Clarifying agents 

As mentioned above, optical properties of, in particular, isotactic polypropylene, can also 

be enhanced by the use of additives. These so-called clarifying agents are generally 

considered as a subcategory of nucleating agents promoting the growth of α-PP. In 

particular those agents that dissolve in the polypropylene melt have proven to efficiently 

increase the transparency and clarity of the material, while reducing its haze. The latter 

characteristic is a measure of the “milkiness” of a sample, and defined as that part of the 

transmitted light which is scattered at angles exceeding 2.5°, normalized to the incoming 

flux. Clarity is a measure of the direct transmission in relation to scattering at low angles 

(below 2.5°), where a high level of clarity permits a good resolution of the details of an 

object seen through the material (Figure 6) 78. 

Remarkably, in spite of their great utility, especially in the packaging industry, it is still 

unclear what causes certain additives to nucleate i-PP, but not to induce enhanced optical 

properties; and why certain clarifying agents only modestly increase the crystallization 

temperature of the polymer. 

 

 

Figure 6. Illustration of the effects of high and low values of haze (H) and clarity (C) of a 

material. The 1 mm injection-molded plaques of i-PP shown have, from left to right, respectively: 

H 75%, C 24% (i.e. poor haze and poor clarity); H 60%, C 84%; (i.e. poor haze but good clarity); 

H 21% , C 93% (i.e. good haze and good clarity – a successfully clarified sample). The respective 

samples are: neat i-PP; i-PP containing 0.1 % w/w 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-

propylphenyl)methylene]-nonitol (TBPMN); and i-PP containing 0.05 % w/w 1,3,5-tris(2,2-

dimethylpropionylamino)benzene. 
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Known is, of course, that in semi-crystalline polymers, the presence of crystalline and 

amorphous regions will cause scattering of light due to differences in the respective 

refractive index 79, 80. The amount of scattering is determined by the long range order of 

the crystalline domains, as well as by their optical anisotropy. The polymer chains have 

different polarizabilities along the different axes, with the main polarizability along the 

chain axis 81, 82. In the crystalline domains, the molecules are organized in lamellae, 

which, consequently, are also optically anisotropic. The orientation of the lamellae within 

the crystalline domains will therefore determine the anisotropy of the latter. As mentioned 

above, most semi-crystalline polymers, including i-PP, form a spherulitic structure upon 

crystallization from the melt, as shown in the schematic in Figure 1. In such spherulites, 

the lamellar crystallites are normally oriented in a radial manner, resulting in a highly 

anisotropic structure which scatters light extremely efficiently. 

The amount of scattering of light can be decreased by altering the solid-state structure of 

the polymer, either by decreasing the size of spherulites, by disturbing the order within 

them, or by inhibiting the formation of spherulitic structures. Decreased spherulite sizes 

can be achieved by the use of efficient nucleating agents, and, indeed, this is what most 

researchers advance as the reason for the improved optical properties 3, 4, 83, 84. However, 

this would imply that a good clarifying agent just needs to be an efficient nucleating 

agent. Nevertheless, as stated above, far from all nucleating agents act as clarifying 

agents 36, 38, suggesting that there is more to the astonishing clarifying effect than a mere 

change in spherulite size. Evidently, the very mechanism of clarification remains ill-

understood. 

 

[NB: Of course, especially for thin samples, the scattering caused by surface roughness 

represents a major contribution to the total amount of light being scattered by a material. 

However, we will in this work only focus on the bulk material.] 
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4 Objectives and scope of this thesis  

The main objective of this work is to further illucidate the effects of nucleating and 

clarifying agents in semi-crystalline polymers, with the principal aim to identify the 

mechanism of clarification and the fundamental morphological characteristics of a 

successfully clarified polymer (here isotactic polypropylene).  

The first part of the thesis is dedicated to the search for an “ideal” and versatile nucleating 

agent. In Chapter 2 the ability of in-situ fibrillated poly(tetrafluoroethylene) (PTFE) to 

nucleate not only the bulk polymers isotactic polypropylene and high-density 

polyethylene but also poly(oxymethylene) (POM), polyamide 12 (PA12) and 

poly(ethylene terephthalate) (PET) is investigated, inspired by the knowledge that 

oriented friction-deposited PTFE layers are truly versatile nucleating surfaces for a vast 

range of inorganic and organic materials 85-89. The nucleating effects are quantified and 

the clarifying effect of the PTFE on i-PP and HDPE is explored. 

Nucleation and clarification of i-PP by a new member of the sorbitol family, 1,2,3-

trideoxy-4,6:5,7-bis-O-[(4-propylphenyl)methylene]-nonitol (TBPMN), is investigated in 

Chapter 3. The binary phase diagram of i-PP/TBPMN is explored and the effect of 

additive concentration on nucleation and clarification of the polymer discussed. 

In Chapter 4, a thorough study of the characteristics of neat, nucleated/not clarified and 

nucleated/clarified isotactic polypropylene is presented. The solid-state structures of the 

various polymer samples are investigated by small-angle light scattering (SALS) and 

electron microscopy. A drastic morphology change in the polymer upon addition of a 

clarifying agent is demonstrated, and the characteristics of clarified i-PP determined. The 

improvement in optical properties is quantitatively explained with scattering theory. 

Finally, Chapter 5 contains general conclusions and suggestions for future studies on 

clarification of semi-crystalline polymers. 
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This dissertation is based on manuscripts, which have been published or is in preparation: 

Chapter 2: Bernland, K.; Smith, P. J. Appl. Polym. Sci. 2009, 114, (1), 281-287. 

Chapter 3: Bernland, K.; Tervoort, T.; Smith, P. Polymer 2009, 50, (11), 2460-2464. 

Chapter 4: Bernland, K.; Goossens, J.G.P.; Smith, P.; Tervoort, T. J. Polym. Sci. B-

Polym. Phys. (in preparation). 
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1 Introduction 

The ability of solid poly(tetrafluoroethylene) (PTFE) to promote crystal growth of other 

species is well known and was most conspicuously demonstrated in earlier work in which 

friction-deposited, highly oriented layers of this polymer were shown to induce oriented 

crystallization of a most unusual, broad spectrum of materials, including biological 

species and inorganic- and organic compounds, as well as a variety of polymers 1-6. 

However academically interesting this technique may be, and of potential relevance for 

creating oriented thin layers for use in, for instance, opto-electronic components 7, it 

evidently would not appear practical to employ this approach to enhance nucleation of 

semi-crystalline bulk polymers, commonly applied to reduce processing cycles, achieve 

better control of the nucleation density or beneficially alter their solid-state structure to 

improve mechanical or optical properties [e.g. 8-12]. 

In this chapter we explored the unique characteristic of virgin, i.e. as-polymerized, PTFE 

to readily deform below its melting temperature, even under modest shear, to yield 

virtually endless fibrils of nanoscopic width - a well-known phenomenon 13, 14 that forms 

the basis for the production of porous, so-called expanded PTFE, better known as 

Goretex® 15 - to in-situ create an ultra-large, oriented surface that could provide the above 

discussed beneficial nucleating substrate. Previous attempts by Van der Meer et al. 16 

already demonstrated the potential of this approach in their study of compounding 

isotactic polypropylene (i-PP) with particles of PTFE of different size and molecular 

weights. These authors once more showed that PTFE of high molecular weight indeed 

can be deformed into fibrillar scaffolds onto which i-PP was found to nucleate, leading to 

an improvement of selected mechanical properties. Here we report an expansion of that 

work in which we employed suspensions of fine particles of virgin ultra-high molecular 

weight PTFE. The latter were blended and subjected to controlled shear during 

compounding below the melting temperature of PTFE with five common thermoplastic 

bulk polymers, i.e. i-PP, high-density polyethylene (HDPE), poly(oxymethylene) (POM), 

polyamide 12 (PA12), and poly(ethylene terephthalate) (PET), for which efficient 

nucleation of some remains a challenge 17-21. More specifically, we directed our attention 

to thermal- and optical properties, as well as crystallization kinetics of the bulk polymers 

in the presence of PTFE, both in the above described form of fibrillated particles and - for 

reference purposes - as friction-deposited, oriented layers. 
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2 Experimental 

2.1 Materials 

The polymers used were isotactic polypropylene (i-PP), Moplen HF 500N, 

Mn = 76 kg/mol and Mw = 260 kg/mol (Basell); high-density polyethylene (HDPE), 

HD 7048, Mn = 21 kg/mol and Mw = 104 kg/mol (DSM); poly(oxymethylene) (POM), 

Delrin 100 (DuPont); polyamide 12 (PA12), UBESTA 3014U, Mw = 14 kg/mol for layers 

grown from solution and UBESTA 3030XA, Mw = 30 kg/mol for melt-compounding 

(UBE Engineering Plastics SA) and poly(ethylene terephthalate) (PET), 200255, 

Mv =18 kg/mol (Aldrich). All polymers were freeze milled and dried before use. 

Poly(tetrafluoroethylene) (PTFE), was received as an aqueous dispersion (Teflon® TE-

3893 N) from DuPont. 

 

2.2 Sample preparation 

Oriented PTFE layers were prepared by friction deposition onto microscopy slides, as 

described elsewhere 1. Films of i-PP, HDPE, POM, PA12 and PET were grown on these 

layers from dilute solutions. For details regarding solvents, concentrations and 

crystallization temperatures, see Table 1. 

Bulk polymer/PTFE mixtures were prepared by adding selected amounts of the PTFE 

dispersion to the milled polymers, followed by mixing and drying in a vacuum oven at 

70 °C. The mixtures were subsequently compounded in a laboratory, co-rotating mini-

twin-screw extruder (Eindhoven University of Technology, the Netherlands) during 

10 minutes under a nitrogen blanket at the manufacturer-recommended processing 

temperature for each bulk polymer - above their melting temperature but below that of 

PTFE. Reference samples of the neat polymers, i.e. without PTFE, were produced in the 

same manner. 

Films for optical microscopy studies were prepared by melt-compression molding the 

compounded material - below the melting temperature of PTFE - between two glass 

slides and quenching to room temperature. For scanning electron microscopy studies and 
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tensile testing, films with a thickness of 0.1 - 0.5 mm were prepared by melt-compressing 

the polymers, also at T < Tm, PTFE, for 5 min, followed by quenching in a cold press. 

Circular samples (thickness 1.1 mm, diameter 25 mm) for optical characterization of i-PP 

and HDPE comprising fibrillated PTFE were prepared by injection molding previously 

compounded material using a laboratory, mini-injector (DACA Instruments, Santa 

Barbara CA, USA). The material was melted and kept for 2 min at 240 °C under a 

nitrogen blanket before being injected into the mold, which was kept at room 

temperature. 

 

2.3 Thermal analysis 

Thermal analysis was conducted using a differential scanning calorimeter (DSC 822e, 

Mettler Toledo, Switzerland) calibrated with Indium. DSC thermograms were recorded 

under nitrogen at standard heating and cooling rates of 10 °C/min unless indicated 

otherwise; the sample weight was about 10 mg. In each run the samples were kept for 

5 min at the highest temperature (T < Tm, PTFE) prior to cooling in order to ensure 

complete melting of the bulk polymers and to prevent self nucleation. The crystallization 

temperatures reported here correspond to the peak temperatures in the DSC thermograms. 

 

2.4 Optical microscopy 

Optical microscopy was carried out with a Leica DMRX microscope (Leica 

Microsystems, Germany) equipped with a hot stage (FP82TM, Mettler Toledo, 

Switzerland). For isothermal crystallization experiments samples were quenched to the 

selected crystallization temperature at the fastest rate possible (~40 °C/min). Before each 

cooling experiment the i-PP, HDPE and PET films were kept for 2 min at the highest 

temperature in order to ensure complete melting, while those comprising POM and PA12 

were kept at the maximum temperature only for 1 min to minimize thermal degradation. 
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2.5 Scanning electron microscopy 

Samples for scanning electron microscopy studies on i-PP/PTFE blends were cut from the 

compression-molded films and etched for 1 hr using the permanganic etchant described 

by Olley et al. 22, comprising 2 parts sulfuric acid per 1 part orthophosphoric acid and 

2 % w/w of potassium permanganate. This etchant degraded both crystalline and 

amorphous polypropylene, but left the PTFE intact. The etched samples were coated with 

a thin conductive layer of platinum and imaged using a LEO 1530 Gemini (LEO 

Elektronenmikroskopie GmbH, Oberkochen, Germany). 

 

2.6 Optical properties 

The optical characteristics haze and clarity were determined for the injection molded 

samples according to ASTM standard D1003 23 using a Haze-Gard Plus® apparatus 

(BYK Gardner GmbH, Germany). All reported values are the average of the measured 

values for at least three samples. 



33 
 

3 Results and Discussion 

3.1 Polymers onto oriented PTFE layers 

In a first set of experiments, it was reestablished that the friction-deposited PTFE layers 

induced oriented growth of all polymers tested. Invariably, in the optical microscope, 

shish-kebab-like structures of the solution-crystallized bulk polymers were detected along 

the oriented strands of PTFE. After complete drying, the various PTFE/polymer layers 

were collected from the microscopy slides and inserted into DSC pans for thermal 

evaluation. The peak crystallization temperatures, Tc, recorded for the polymeric 

materials - this time grown from the melt onto the PTFE layers - are listed in Table 1, 

together with the corresponding values of the neat bulk polymers. As can be seen, PTFE 

invariably increased Tc of the polymers examined and the thermograms featured sharper 

crystallization endotherms than those of the neat polymers, as illustrated for PET in 

Figure 1, indicative of efficient nucleation and crystallization of the materials when in 

contact with friction-deposited PTFE layers. 

 

Polymer 

Solvent; 
polymer 

concentration 
(% w/w); Tc (°C) 

 

 
PTFE content 

(% w/w) 
 

Tc neat 
(°C) 

Tc on PTFE 
(°C) 

i-PP 
p-xylene 

0.5; 80 
0.3 112.1 125.7 

HDPE 
p-xylene 

0.5; 78 
0.3 115.8 116.9 

POM 
DMF 

0.1; 120 
0.2 147.6 148.8 

PA12 
DMF 

0.5; 107 
0.5 145.7 155.3 

PET 
DMSO 

0.3; 140 
0.6 205.6 223.0 

 

Table 1. Peak crystallization temperatures, Tc, of polymers neat and crystallized onto friction-

deposited PTFE layers. 
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Figure 1. DSC cooling thermograms for neat PET (- - -) and PET crystallizing onto a friction-

deposited PTFE layer (-). 

 

3.2 Compounded  blends 

Initial experiments were conducted to establish the influence of different compounding 

parameters, notably speed and time, on the fibrillation behavior of the solid PTFE 

particles in the molten bulk polymers. For this purpose i-PP comprising 1 % w/w of 

PTFE particles were compounded at 230 °C for periods ranging from 2 - 15 min and 

screw rotation speeds from 10 - 300 rpm. The mixed material was discharged and 

compression molded into films, also at 230 °C, and etched as described in the 

Experimental section. Representative scanning electron microscopy (SEM) images of 

samples compounded for 5 min at 20 rpm and for 10 min at 200 rpm, resp., are shown in 

Figure 2. 

These photomicrographs reveal the well known, intriguing fibrillation of virgin PTFE 

particles in an intermediate state (Figure 2a), where much undeformed material is still 

present, and an advanced phase (2b) featuring numerous fine, virtually endless filaments 

of diameters well below 1 μm. The latter were deemed to be adequate for the purpose at 

hand, and, unless indicated otherwise, compounding for 10 min at 200 rpm was adopted. 
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Figure 2. Scanning electron micrographs of etched, melt-compression molded films of i-PP 

comprising 1 % w/w of PTFE particles fibrillated during compounding at 230 °C for (a) 5 min 

at 20 rpm and (b) 10 min at 200 rpm. Scale bars 20 µm. 

 

Subsequently, the nucleating efficiency of the thus fibrillated PTFE was evaluated by 

optical microscopy and differential scanning calorimetry (DSC). The optical micrographs 

in Figure 3 show the initial nucleation and crystal growth phase, as well as the final 

morphology, for isothermally crystallized samples of the melt-compounded neat bulk 

polymers and the mixtures containing 1 % w/w of fibrillated PTFE. The highly efficient 

nucleating ability of the PTFE fibrils is clearly demonstrated by the difference in number, 

size and shape of the crystalline entities, most notably for i-PP (α-polymorph, as 

determined by wide-angle X-ray diffraction 24) and POM (resp. Figures 3a,c). Oriented 

crystallization onto the PTFE fibrils was most conspicuous in HDPE, PA12 and PET 

(Figures 3b,d,e). 
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Figure 3. Optical microscopy images (crossed polarizers, ¼ λ plate) of melt-compounded neat 

i-PP, HDPE, POM, PA12 and PET (a, b, c, d, e - left column) and the same polymers containing 

1 % w/w fibrillated PTFE (right column). The samples were isothermally crystallized from the 

melt at, respectively, 138, 125, 160 165 and 235 °C. Each set of images show the initial (left) and 

final (right) stage of crystallization. Scale bars 100 μm. 
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Figure 4. DSC cooling thermograms recorded for the different melt-compounded polymers, neat 

(- - -) and blends containing 1 % w/w fibrillated PTFE (-). 

 

Thermal analysis (DSC) was conducted to gain a more quantitative insight of the 

nucleation of the various bulk polymers induced by the fibrillated PTFE (cf. Figure 4). 

The crystallization peak temperatures derived from these thermograms are presented in 

Table 2. Generally, these data are in concert with those obtained in the above experiments 

with friction-deposited PTFE layers, i.e. the presence of PTFE invariably raised Tc of the 

bulk polymers. It should be noted, however, that the crystallization temperatures of the 

neat polymers were found to alter slightly after compounding for all polymers. For PET 

this change was rather significant - the peak crystallization temperature increased from 

205.6 °C for as-received PET to as high as 217.5 °C for the same material compounded at 

200 rpm. This is in accord with the results of previous studies of melt-compounded 

PET 25-27, and is thought to be due mainly to macromolecular orientation induced by the 

shear forces during compounding, as evidenced also in our compounded material in the 

form of row nucleation. As a result, the presence of fibrillated PTFE in blends with PET 

was overshadowed by this effect, unlike in the above set of experiments involving 

friction-deposited PTFE and non-compounded PET. 

Kinetic constants and half times of crystallization of the bulk polymers, neat and in the 

presence of fibrillated PTFE, were derived from a series of isothermal crystallization 
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experiments employing Avrami’s equation 28, 29: 

( ) / ( ) 1 exp( )n
nX t X k t             (1) 

where X(t) is the crystallinity at time t, n the Avrami constant and kn the kinetic constant. 

Assuming that only heterogeneous and instantaneous nucleation occurred, the kinetic 

constant is proportional to the number of nuclei, N, according to 30: 

3

3

4
nk

N
v 

           (2) 

where v is the radial crystal growth rates which were determined by optical microscopy 

studies during isothermal crystallization, conducted at the same temperature as in the 

DSC experiments. 

The results of the above analysis for the various polymers are presented in Table 2. As is 

evident, the presence of 1 % w/w fibrillated PTFE not only increased the crystallization 

temperature for the bulk polymers, but also significantly reduced the half-time of 

crystallization, t½ - most notably for i-PP for which this value at isothermal crystallization 

at 138 °C decreased from 85.9 to 3.2 min only, in concert with the previous report by Van 

der Meer et al. 16. Even for HDPE, which did not feature an important increase in 

crystallization temperature with the addition of PTFE, t½ significantly decreased from 

50.8 to 11.5 min.  

In more detailed studies, changes in peak crystallization temperatures of i-PP and HDPE 

were investigated as function of the PTFE content in the range of 0 - 2 % w/w (see Figure 

5). Most remarkably, it was found that even at the lowest concentration employed, i.e. 

0.001 % w/w PTFE, noticeable nucleation of polypropylene occurred, as manifested in an 

increase of Tc from 113 °C to 121 °C. This should be contrasted with, for instance, the 

commonly employed nucleating and clarifying agent 1,3:2,4-bis(3,4-

dimethyldibenzylidene)sorbitol (DMDBS), which is required to be present in 

concentrations exceeding 0.1 % w/w, i.e. 100-fold, to be effective 31. Increasing the PTFE 

content above 0.5 % w/w did not further augment the crystallization temperature 

significantly. As a matter of fact, Tc of i-PP commenced to level off already at 

0.05 - 0.1 % w/w PTFE. 

 



 
 

 

 

 

 

 

Tc (°C) 
non-isothermal 

cryst. 

Tc (°C) 
isothermal 

cryst. 

Avrami 
constant, n 

Kinetic 
constant, kn 

Number of 
nuclei/mm3, N 

Cryst. half-time, 
t1/2 (min) 

i-PP 113.8 138 3.4 3.0*10-6 6*102 85.8 

i-PP + PTFE 0.001 % w/w 121.0  2.8 1.2*10-4 2*104 13.5 

i-PP + PTFE 1 % w/w  126.6  2.0 6.6*10-2 1*107 3.2 

       

HDPE 115.2 125 3.5 7.5*10-7  50.8 

HDPE + PTFE 0.001 % w/w  115.6  3.4 1.6*10-6  43.8 

HDPE + PTFE 1 % w/w  117.0  2.0 5.5*10-3  11.5 

       

POM 148.4 160 3.0 1.8*10-5 7*102 34.5 

POM + PTFE 1 % w/w  152.1  2.8 1.8*10-3 7*104 8.3 

       

PA12 151.8 165 3.9 2.8*10-4  7.4 

PA12 + PTFE 1 % w/w  155.3  2.9 2.3*10-2  3.2 

       

PET 217.5 235 4.9 9.8*10-8  24.8 

PET + PTFE 1 % w/w  216.5  2.8 6.2*10-4  12.2 

 

Table 2. Crystallization peak temperatures, Tc, of melt-compounded bulk polymers, neat and in the presence of fibrillated PTFE, recorded by DSC, and 

data derived from Avrami analysis of isothermal crystallization of the same polymers at the temperatures indicated.
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Figure 5. Peak crystallization temperature, Tc, of i-PP (left) and HDPE (right) vs. fibrillated PTFE 

content. Samples compounded for 10 min at 200 rpm at, resp., 230 °C and 200 °C. The drawn 

lines are a guide to the eye only. 

 

Finally, the importance of fibrillation of the added PTFE due to compounding was 

confirmed by thermal analysis of dry-powder-mixed samples of i-PP and 1 % w/w of 

PTFE. The samples were simply melt-compression molded into films, which featured 

mostly undeformed PTFE particles and few fibrillar entities. The peak crystallization 

temperature of i-PP, as measured by DSC, in these specimens was ~115 °C. 

 

3.3 Optical properties 

As shown above, efficient nucleation by fibrillated PTFE caused a reduction in spherulite 

size of most of the bulk polymers investigated (cf. Figure 3). Since the latter generally 

results in reduced scattering of light 31-35, we also explored the potential of fibrillated 

PTFE to enhance optical properties - i.e. to act as a clarifying agent - for isotactic 

polypropylene and high-density polyethylene. 

The clarity of i-PP and HDPE containing 1 % w/w of PTFE is plotted against the 

compounding speed in Figure 6, clearly revealing that this optical characteristic of these 

mixtures was enhanced with increasing speed, evidently due to the increased “degree” of 

fibrillation of the added PTFE (cf. Figure 2). 
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Figure 6. Clarity of i-PP (■) and HDPE (○) comprising 1 % w/w PTFE vs. compounding speed 

(time 10 min). 

 

In more elaborate studies, haze and clarity of injection-molded i-PP and HDPE samples 

were examined as function of PTFE content (Figure 7). For i-PP, a maximum in clarity 

and a minimum in haze were detected at a PTFE content of about 0.05 % w/w. This value 

coincides with the PTFE concentration at which the crystallization temperature of i-PP 

commenced to level off, and, thus, represents an optimum between nucleation efficiency 

and amount of PTFE present. 

 

 

Figure 7. Haze (■) and clarity (○) of i-PP/PTFE blends (left) and HDPE/ PTFE blends (right), 

compounded for 10 min at 200 rpm and, resp., 230 °C and 200° C. The drawn curves are a guide 

to the eye only. 
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The above - admittedly very modest - reduction in haze and increase in clarity evidently 

is not as conspicuous as observed for small-molecular organic clarifying agents employed 

for i-PP 12, 31. One obvious reason is that the difference in refractive index of PTFE and i-

PP is significant (approx. Δn = 0.16 36), causing unfavorable scattering of light. 

Furthermore, the dispersion of PTFE is, even after extensive fibrillation, not as optimal as 

that achieved with the clarifying agents which are soluble in the polypropylene melt. 

The solidification and solid-state structure of HDPE, on the other hand, are more difficult 

to influence than those of i-PP, due to its high crystal growth rate. Consequently, the 

effect on the optical properties of the polymer resulting from addition of fibrillated PTFE 

is more moderate in the case of the former. Only a small increase in clarity can be 

observed, as a result of reduced spherulite sizes in the material. The haze of HDPE, on the 

other hand, is not affected by the nucleation by PTFE. 
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4 Conclusions 

The ability of PTFE to efficiently nucleate five important bulk polymers was 

demonstrated in model crystallization experiments of these materials onto friction-

deposited PTFE layers, as well as under technologically more relevant conditions in 

which virgin PTFE particles were deformed into fine, nanoscopic fibrils by compounding 

with the molten matrix materials. In addition, fibrillated PTFE was shown to modestly 

enhance the clarity of i-PP and HDPE, despite the large mismatch in their refractive 

indices. 
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Phase Behavior and Properties of the Binary 

System Isotactic Polypropylene and the 

Nucleating/Clarifying Agent 1,2,3-trideoxy-

4,6:5,7-bis-O-[(4-propylphenyl)methylene]-

nonitol 
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1 Introduction 

The ability of sorbitol derivatives such as 1,3:2,4-dibenzylidenesorbitol (DBS, Millad® 

3905, Milliken Chemical and Irgaclear® D, Ciba Specialty Chemicals) and 1,3:2,4-

bis(3,4-dimethyldibenzylidene)sorbitol (DMDBS, Millad® 3988, Milliken Chemical) to 

efficiently nucleate the α-crystal form of isotactic polypropylene (i-PP) is well known and 

has been thoroughly investigated 1-7. Relatively small amounts of these nucleating agents 

may also drastically enhance the clarity and reduce haze of artifacts made with this 

polymer, earning them the connotation “clarifiers”. The sorbitol derivatives are - in 

contrast to many other nucleating agents - designed to dissolve and recrystallize in the 

molten polymer, permitting the formation of a well-dispersed, large surface area, three-

dimensional nanofibrillar network 8-10. It has been shown earlier that the nucleating and 

clarifying abilities of DMDBS, as well as other soluble clarifying agents for i-PP, are 

strongly dependent on the additive concentration and governed by the phase behavior of 

the binary system, as well as solidification kinetics 6, 11. 

Recently, a new member of the sorbitol family, 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-

propylphenyl)methylene]-nonitol (TBPMN) has been advanced, which is claimed to 

feature enhanced clarifying ability compared to its predecessors 12. Another advantage is 

said to be its increased solubility in i-PP, enabling lower processing temperatures; 

therewith reducing the problem of the generally poor thermal stability of sorbitol 

derivatives 13.  

In this chapter, the phase behavior of i-PP/TBPMN binary is presented and related to its 

optical and selected mechanical properties, in analogy with previous studies on 

i-PP/DMDBS 6, 14; salient differences between the two systems are discussed.
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2 Experimental 

2.1 Materials 

The isotactic polypropylene used was Moplen HF 500N from Basell (Mn = 76 kg/mol and 

Mw = 260 kg/mol). The clarifying agent 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-propylphenyl) 

methylene]-nonitol (TBPMN, CAS Registry Number: 882073-43-0, Figure 1) was 

synthesized according to general procedures in Ref. 12. 

 

 

 

Figure 1. Chemical structure of 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-propylphenyl)methylene]-

nonitol (TBPMN). 

 

2.2 Blend preparation 

Mixtures of i-PP and TBPMN, comprising up to 10 % w/w of the additive, for use in 

subsequent injection molding were compounded in a laboratory co-rotating mini-twin-

screw extruder (Eindhoven University of Technology, the Netherlands) at 100 r.p.m. 

during 10 minutes under a nitrogen blanket at 230 °C. Mixtures for thermal analysis 

comprising higher contents of the additive were prepared by dry blending and 

compression molding at 250 °C. Reference samples of the neat polymer were produced 

according to corresponding procedures. 

 

2.3 Thermal analysis 

Thermal analysis was conducted with a differential scanning calorimeter (DSC 822e, 

Mettler Toledo, Switzerland) calibrated with Indium. DSC thermograms were recorded 

under nitrogen at standard heating and cooling rates of 10 °C/min; the sample weight was 
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about 10 mg. During each run the sample was kept for 5 min at the highest temperature 

prior to cooling in order to ensure complete melting of the polymer and to prevent self 

nucleation. Crystallization and melting temperatures reported here correspond to the peak 

temperatures in the DSC thermograms. The degree of crystallinity of the polymer was 

calculated from the enthalpy of fusion, derived from the endothermic peak, adopting a 

value of 207.1 J/g for 100 % crystalline isotactic polypropylene 15. 

 

2.4 Optical microscopy 

Films for optical microscopy were prepared by melt-compression molding previously 

compounded material between two glass slides at 230 °C, followed by quenching to room 

temperature. The resulting films were of a thickness of about 0.1 mm. Optical microscopy 

studies were performed with a Leica DMRX microscope (Leica Microsystems, Germany) 

equipped with a hot stage (FP82TM, Mettler Toledo). Standard heating and cooling rates 

of 10 °C/min were adopted. 

 

2.5 Injection molding 

Circular samples (thickness 1.1 mm, diameter 25.0 mm) for optical characterization were 

prepared by injection molding previously compounded material using a laboratory mini-

injector (DACA Instruments, Santa Barbara CA, USA). The material was molten and 

kept for 2 min at 240 °C under a nitrogen blanket prior to injection into the mold, which 

was held at room temperature. 

 

2.6 Optical characteristics 

The optical characteristics haze and clarity of the injection-molded samples were 

determined according to ASTM standard D1003 16 using a Haze-Gard Plus® instrument 

(BYK Gardner GmbH, Germany). Reported are the averages of measured values for at 

least three samples. 
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2.7 Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) investigations were performed on the Dutch-

Belgium beamline (DUBBLE, CRG BM26) at the European Synchrotron Facility (ESRF) 

in Grenoble, France. SAXS profiles were recorded at a wavelength of 0.95 Å with the 

detector positioned at 7.5 m from the sample. The experimental data collected were 

corrected for background scattering, detector response, sample thickness and beam 

intensity. Lorentz-corrected SAXS profiles were plotted against the scattering vector q, 

defined as: 

4
sinq

 


           (1) 

where λ is the X-ray wavelength and θ the scattering angle. The q-axis was calibrated 

using dry rat-tail collagen. The long period D, representing the combined thickness of the 

crystalline lamellae and the amorphous phase, was determined from the first peak 

maximum of the Lorenz-corrected scattering profiles according to: 

max

2
D

q


           (2) 

The corresponding lamellar thickness l was calculated as the product of the long spacing 

D and degree of crystallinity χ determined by DSC: 

l D            (3) 

 

2.8 Tensile testing 

For tensile testing, films with a thickness of 0.5 ± 0.05 mm were prepared by melt-

compressing the various compounded blends for 5 min at 230 °C, followed by quenching 

in a cold press. Mechanical characteristics were investigated using an Instron 5864 tensile 

tester. The measurements were performed using dumb-bell shaped specimen with a gauge 

length of 12.7 mm; the rate of extension was 20 mm/min. For each sample at least five 

specimens were tested and the average values reported here. 
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3 Results and Discussion 

3.1 Temperature/composition diagrams 

The melting and crystallization behavior of mixtures of i-PP/TBPMN covering the entire 

composition range were investigated employing differential scanning calorimetry (DSC) 

and optical microscopy. It was found that the system exhibits a similar, simple monotectic 

behavior as the binary i-PP/DMDBS 6 with the notable difference that TBPMN displayed 

enhanced compatibility with the polymer. This is evidenced by the substantially higher 

additive concentration for the onset of liquid-liquid phase separation of ~5 % w/w for the 

present system, compared with ~2.5 % w/w found for that comprising DMDBS 

(cf. Figure 2). 

 

 

Figure 2. Crystallization (left) and melting (right) temperature/composition diagrams of the 

binary system i-PP/TBPMN. Data obtained by differential scanning calorimetry (○) and optical 

microscopy (□) at cooling- , resp. heating rates of 10 °C/min. The denotation N refers to TBPMN, 

P to i-PP, L to liquid, S to solid. The drawn lines are guides to the eye only. Also shown (in grey) 

are the corresponding schematic diagrams of i-PP/DMDBS (from Ref. 6). 
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DSC analysis revealed that the peak crystallization temperature, Tc, of i-PP was not 

significantly affected by addition of amounts of clarifying agent ≤ 0.1 % w/w, and 

remained approximately at the same value as for the neat polymer (~113 °C), or even 

slightly decreased, as in this concentration range the additive acted simply as a high-

melting diluent 6, 17, 18. However, addition of quantities of TBPMN exceeding 0.1 % w/w 

caused a rapid increase in the peak crystallization temperature of the polymer until a 

plateau value of 130 °C was reached at a concentration of about 0.4 % w/w. The melting 

temperature of the polymer was not notably affected by addition of TBPMN, except at 

additive concentrations ≤ 0.2 % w/w, for which a slight decrease was detected due to 

melting temperature depression caused by the (high-melting) “solvent” 17. 

Optical microscopy studies confirmed that TBPMN did not act as nucleating agent at low 

concentrations. As a matter of fact, i-PP/TBPMN mixtures cooled at 10 °C/min 

containing, for instance, 0.05 % w/w of the additive featured spherulites of similar size as 

the neat i-PP (cf. Figure 3a,b). Only at contents > 0.2 % w/w of TBPMN the size of the 

polymer spherulites was found to drastically decrease (cf. Figure 3c,d). 

 

 

Figure 3. Optical micrographs of compression-molded films of i-PP/TBPMN mixtures containing 

(a) 0 % w/w, (b) 0.05 % w/w, (c) 0.5 % w/w (d) 4 % w/w of the nucleating-, clarifying agent 

TBPMN. All samples were cooled at 10 °C/min. Images taken with crossed polarizers and ¼ λ 

plate; scale bars 50 μm. 
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Figure 4. Optical micrographs of compression-molded films of (a) i-PP/DMDBS and (b) 

i-PP/TBPMN comprising 2 % w/w of the respective additive. The images were taken at 150 °C, 

i.e. above the crystallization temperature of i-PP, after cooling the samples from the molten state 

at 10 °C/min. The images reveal the substantially coarser fibrillar structure of solid DMDBS 

when compared to that of TBPMN. Scale bars 50 μm. 

 

One important difference between the present nucleating agent and DMDBS is that the 

fibrils formed upon recrystallization of molten mixtures containing the latter additive 

were of a substantial width and could readily be observed in the optical microscope, 

already at concentrations of 1 % w/w. By stark contrast, TBPMN fibrils were much finer 

and difficult to detect even at concentrations as high as 4 % w/w in mixtures with i-PP 

prepared in an identical manner. In Figure 4 are presented a set of comparative 

micrographs of additive fibrils formed in samples containing 2 % w/w of DMDBS (4a) 

and TBPMN (4b). The finer morphology of the TBPMN fibrils is indicative of a reduced 

lateral growth rate of the present additive, likely due to its more complex substituents. 

The polymer morphology in samples containing the minimum concentration of TBPMN 

for optimum haze (~0.6 % w/w; see below) after cooling at 10 °C/min were similar to that 

found in samples containing the corresponding concentration of DMDBS (~0.3 % w/w) 

processed in the same way. 
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Figure 5. Haze (■) and clarity (○) of injection-molded samples of i-PP/TBPMN as function of the 

additive content. The drawn lines are guides to the eye only. 

 

3.2 Optical properties 

The optical characteristics clarity and haze 19 of injection-molded i-PP/TBPMN samples 

were determined in the additive concentration range between 0 and 5 % w/w. These 

characteristics were found to improve at additive contents exceeding ~0.2 % w/w 

reaching an optimum between ~0.6 - ~4 % w/w (Figure 5). The minimum value of haze 

that was achieved by addition of TBPMN was around 10 %, which is significantly lower 

than the levels reached with DMDBS (~15 %; cf. Ref. 6). Variable-temperature small-

angle light scattering studies (SALS, see Chapter 4) revealed a lower level of scattering 

due to solidified TBPMN in the polymer melt than recorded for corresponding samples of 

i-PP/DMDBS. This may be associated with the above-mentioned finer fibrillar structure 

of the former additive, or/and enhanced refractive index matching between the 

components, and might account for the reduced minimum haze achieved with this 

clarifier; this considering the fact that the polymer morphology was found to be 

comparable for i-PP nucleated by DMDBS or TBPMN. 

Noteworthy is that haze remained at this low value at significantly higher additive 

contents, and only significantly increased at compositions comprising ~5 % w/w of 

TBPMN, i.e. at the onset of liquid-liquid phase separation in the binary, which is 

reassuringly consistent with previous studies on other i-PP/(soluble) clarifier 

systems 6, 11, 20. 
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3.3 Mechanical properties 

The yield behavior of compression-molded i-PP films comprising TBPMN was 

investigated for blends comprising from 0 to 1 % w/w of the additive. The results are 

presented in Figure 6, which reveal that an increase in yield stress was detected at 

concentrations of the clarifying agent equal to or higher than 0.1 % w/w. A similar 

increase was reported for systems of i-PP comprising DMDBS, and has been 

demonstrated to be directly related to the increased crystallization temperature and 

concomitant increase in lamellar thickness of i-PP 21, 22. A slight decrease in yield stress 

was found for samples containing less than 0.1 % w/w TBPMN. This is in gratifying 

accord with the finding that the nucleating agent does not enhance the crystallization of 

the polymer at such low additive concentrations, as it in these compositions merely acts 

as a diluent. For blend films comprising between 0.1 and 0.5 % w/w of TBPMN the yield 

stress gradually reached a relatively constant value. The rate of “aging”, i.e. the increase 

in yield stress with time, of i-PP was found to be unaltered by the presence of the 

nucleating agent (cf. Figure 6). 

 

 

 

Figure 6. Yield stress vs. additive concentration of compression-molded i-PP/TBPMN films after 

aging for 1h (■), 24h (○) and 1 week (+). 
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These results of the tensile tests are in general accord with the temperature-composition 

diagrams presented above. The increased crystallization temperature of the polymer - due 

to nucleation by TBPMN - decreased the supercooling required for crystallization of i-PP, 

which in turn is directly correlated to the increased lamellar thickness for the polymer 23. 

Indeed a plot of the yield stress versus i-PP lamellar thickness for a spectrum of nucleated 

samples revealed a fairly linear relationship (Figure 7), as commonly observed for semi-

crystalline polymers above their glass transition temperature, Tg 
24. 

 

 

 

Figure 7. Yield stress vs. i-PP lamellar thickness of i-PP/TBPMN films containing (■) 0 % w/w, 

(○) 0.2 % w/w, (+) 0.3 % w/w, (▼) 0.4 % w/w, (□) 0.6 % w/w, (▲) 1.0 % w/w TBPMN. The 

samples were aged for 24h. The drawn line is a guide to the eye only. 
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4 Conclusions 

The binary system comprising i-PP and the nucleating/clarifying agent TBPMN was 

established to be of the simple monotectic type, similar to that reported for 

i-PP/DMDBS 6, as well as other recently developed, soluble clarifiers 11, 20. Compared to 

the earlier generations of sorbitol-based clarifying agents, TBPMN displayed enhanced 

miscibility with i-PP, and a finer fibrillar structure, which lead to reduced light scattering 

by the nucleating agent and, consequently, improved haze and clarity characteristics of 

this polymer/additive system. Furthermore, the increased solubility of this additive allows 

processing at lower temperatures, permitting reduction of the rate of decomposition of the 

nucleating agent - even though in and by itself it is not more thermally stable than other 

sorbitols such as DMDBS. Finally, again due to its enhanced compatibility with i-PP, 

larger contents of the clarifying agent can be employed, which - although possibly 

economically unattractive - might render optical properties of the system to be less 

sensitive to solidification kinetics. That latter feature, in combination with the lower 

values of haze achieved, may facilitate production of, among other things, clarified 

objects of increased dimension - an outstanding issue for many of the present clarifying 

agents 25. 
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1 Introduction 

By the use of additives various favorable properties can be bestowed upon commodity 

polymers, turning them into valuable high-performance materials 1. For example, small 

amounts of so-called clarifying agents transform normally opaque or translucent isotactic 

polypropylene (i-PP) into a transparent material, therewith opening up a range of new 

applications, as has already been seen in the previous chapters. Due to their great utility, 

significant research efforts have been, and still are, devoted to developing new, more 

efficient and more versatile clarifying agents 2-5. Yet, remarkably enough, there is still not 

a clear understanding of how, or why, these agents actually function, and what changes in 

the structure of the solid-state of the polymer give rise to the increased transparency. 

Thus, development of novel additives has mainly been conducted on a trial and error 

basis. 

The characteristics normally used to quantify the optical properties of a material with 

respect to its transparency are haze and clarity. Haze is defined as that part of the total 

amount of transmitted light which is scattered at angles higher than 2.5°, normalized by 

the incoming flux 6. A high value of haze signifies a loss of contrast of an object viewed 

through the material. Although it is a simple measure of a complex property, it still allows 

a meaningful comparison of the optical performance of different materials. Clarity, on the 

other hand, referring to the ability of a material to transmit fine details of an artifact, is 

more difficult to assess and there are several methods of quantification 7. In this chapter, 

therefore, macroscopic optical properties will mainly be characterized by the value of 

haze. 

Scattering of light by semi-crystalline polymers arises from the optical anisotropy of the 

crystalline entities and the refractive index differences between the crystalline and 

amorphous phases 8, 9. Additionally, in particular for thin films, scattering caused by 

surface roughness can be a major contribution. However, we will here only focus on bulk 

material. 

Most semi-crystalline polymers crystallize into space-filling spherulitic structures, where 

the spherulites, due to the organization of the optically anisotropic lamellae in them, act 

as extremely efficient scatterers of light. The intensity of the scattered light is dependent 

on the size of the spherulites, inversely proportional to the third power of their 
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diameter 10, 11. Consequently, efforts to increase clarity and reduce haze of, for example 

i-PP, have been aimed at decreasing the size of these spherulites, or the order within 

them. By using copolymers, the latter can be reduced, leading to improved optical 

properties of articles made with these materials 12-14. However, this is unfortunately at the 

expense of the degree of crystallinity of the material, and, hence, its mechanical 

properties. 

Nucleating agents, on the other hand, cause a reduction of spherulite sizes, generally 

without affecting the overall degree of crystalline order, or simply crystallinity. Selected 

nucleating agents have been found to enhance optical characteristics, i.e. reduce haze and 

increase clarity, most notably of i-PP 2, 15, 16. Such additives, therefore, are commonly 

referred to as “clarifying agents”. In earlier reports on clarifying agents and their effect, a 

decrease in spherulite sizes has been advanced as the origin of the improved optical 

properties 17-20. However, while virtually all nucleating agents cause a reduction in 

spherulite size, far from all these additives act as clarifying agents. Indeed, when 

screening a large number of different agents and comparing their clarifying- (as 

characterized by haze) and nucleating ability (characterized by crystallization temperature 

of the polymer) no relation between the two properties can be found (Figure 1) 2, 5. 

 

 

 

Figure 1. Nucleation efficiency (quantified by the peak crystallization temperature, Tc, of 

isotactic polypropylene, i-PP, recorded at a cooling rate of 10 °C/min) vs. clarifying ability 

(quantified by the haze of 1 mm thick, injection-molded plaques) for a number of different 

additives. The additive concentration is invariably 0.15 % w/w and the β-i-PP polymorph content 

≤ 10 %. Data from Ref. 21. 
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A correlation between nucleation- and clarifying abilities of additives can be established 

when the former is described by nucleation density 20. Clarifying agents typically provide 

an extremely large nucleation density since they, in contrast to most traditional nucleating 

agents, normally dissolve in the polymer during compounding and recrystallize into nano-

fibrillar structures of high surface area and extraordinary dispersion 16, 22, 23. A high 

enough nucleation density will impede the growth of full spherulitic structures 24-27, 

resulting in reduced scattering of light 28. However, unfortunately, detailed aspects of the 

clarifying effect of additives, as well as the changes in the structure of the polymer solid 

state that they induce, are still largely unknown. 

The objective of this chapter is, therefore, to further elucidate the mechanism by which 

clarifying agents enhance the optical properties of i-PP. The principal tool used is small-

angle light scattering (SALS) of neat-, nucleated- and clarified polymer, combined with 

electron microscopy. SALS has often been used to explore polymer morphology, 

especially in early stages of crystallization 29-36, but has, surprisingly, only been used 

sparsely in connection with clarifying agents 15, 26, 27, 37, 38. Yet, since this technique 

permits monitoring changes in polymer morphology in direct relation to the amount of 

light being scattered, it would appear to be an ideal analytical method for the purpose at 

hand. 
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2 Experimental 

2.1 Materials 

The isotactic polypropylene used was Moplen HF 500N from Basell (Mn = 76 kg/mol, 

Mw = 260 kg/mol, PDI = 3.5). The clarifying agent (1) 1,3:2,4-bis(3,4-dimethyl-

benzylidene)sorbitol (DMDBS, Millad 3988, CAS Registry Number: 135861-56-2) was 

used as received from Milliken Chemicals, and (2) 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-

propylphenyl)methylene]-nonitol (TBPMN, NX8000, CAS Registry Number: 882073-43-

0) was synthesized according to general procedures in Ref. 39. The clarifying agent 

(3) 1,3,5-tris(2,2-dimethylpropionylamino)benzene (Irgaclear XT386, CAS Registry 

Number: 745070-61-5) was used as received from Ciba Speciality Chemicals. The 

additive (4) N,N’-bis(1-methylethyl)-5-(2-methylpropionylamino)isophtalamide (CAS 

Registry Number: 1217310-08-1) was kindly provided by the group of Prof. Hans-Werner 

Schmidt, University of Bayreuth, Germany, where it was synthesized according to Ref. 5. 

The chemical structures of the additives 1-4 are listed in Table 1, together with selected 

characteristic properties. 

 

  

 

Add. - 1 2 3 4 

% w/w 0 1 1 0.025 0.07 

H (%) 71 15 9 16 58 

C (%) 49 98 96 98 81 

Tc (°C) 113 131 131 125 119 

 

Table 1. Chemical structures of additives used in this study: 1, 1,3:2,4-bis(3,4-dimethyl 

benzylidene)sorbitol; 2, 1,2,3-trideoxy-4,6:5,7-bis-O-[(4-propylphenyl)methylene]-nonitol; 

3, 1,3,5-tris(2,2-dimethylpropionylamino)benzene; 4, N,N’-bis(1-methylethyl)-5-(2-methyl-

propionylamino)isophtalamide. In the table are listed the values of haze (H), clarity (C) and peak 

crystallization temperature, Tc, of neat i-PP (left), and comprising the different additives at 

contents where minimum haze was observed. The β content is ≤ 10 % in all samples. 
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2.2 Thermal analysis 

Thermal analysis was conducted using a differential scanning calorimeter (DSC 822e, 

Mettler Toledo, Switzerland) calibrated with Indium. DSC thermograms were recorded 

under nitrogen at standard heating and cooling rates of 10 °C/min; the sample weight was 

about 10 mg. The degree of crystallinity of the polymer was calculated from the enthalpy 

of fusion, derived from the endothermic peak, adopting a value of 207.1 J/g for 100 % 

crystalline isotactic polypropylene 40. 

 

2.3 Sample preparation 

Blends of i-PP comprising varying amounts of the additives were compounded in a 

laboratory co-rotating mini-twin-screw extruder (Eindhoven University of Technology, 

the Netherlands) at 100 r.p.m. during 10 min under a nitrogen blanket at 230 °C. 

Reference samples of the neat polymer were produced in the same way. 

The samples for small-angle light scattering (SALS) investigations were prepared by 

melt-compression molding previously compounded material between two glass slides, 

followed by quenching to room temperature. The molding temperature was adapted to the 

additive characteristics and concentration to ensure complete melting of the agent, and 

ranged from 230 to 290 °C. Poly(tetrafluoroethylene) (PTFE) spacers were used to 

achieve a homogeneous sample thickness of 0.1 mm. 

 

2.4 SALS set up and calibration 

The experimental set up used for small-angle light scattering studies is shown in Figure 2. 

A He-Ne laser (λ = 632.8 nm, JDL 1125P, JDS Uniphase, USA) is directed through the 

sample and the resulting scattering projected onto a screen (Marata plate, Linos, 

Germany). The scattering pattern is recorded with a CCD camera (Pixis 512, Princeton 

Instruments, USA), connected to a data acquisition system 41, 42. The lower polarizer is 

mounted on a motorized stage, enabling crossed- and parallel positions of the polarizers 

(Hv and Vv orientation, resp.). 
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Figure 2. Left: Schematic of the equipment employed for small-angle light scattering (SALS) 

studies. Center: Scanning electron microscope (SEM) images of dried suspensions of polystyrene 

(PS) particles (scale bar 5 μm) and pinhole (radius = 13.7 μm) used for calibration. Top right: 

Log-log plot of the integrated scattering (Itot) from the PS spheres in suspension (-) together with 

that calculated according to the Mie model for scattering from spheres with, from top to bottom, 

average diameter, dav = 1.04, 2.05 and 3.10 μm (---). The curves have been shifted along the y-

axis for clarity. Bottom right: Log-log plot of the integrated intensity (Itot) by the pinhole (-) and 

calculated with the Airy function for a pin diameter = 27.4 μm (---). 

 

The images recorded were corrected for flat-screen projection and background noise 

before analyzing the data. The background used was a dark current image obtained at the 

same occasion and with the same acquisition time as the measurement itself. This dark 

image was subtracted pixel by pixel prior to integration, thereby also correcting for 

detector sensitivity. The measured intensities, Is; are commonly normalized according to 

the criteria for the Rayleigh ratio 43 

2

0 0
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I V
           (1) 
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This was achieved by keeping the scattering volume, V0, the intensity of the incident 

beam, I0, and the distance between the sample and the screen, d, constant for all 

measurements. In addition, the measured intensities were corrected for backscattering on 

the sample surface by multiplication with the Fresnel transmittance according to 

Stein et al. 44. 

The corrected and normalized intensities are generally evaluated as a function of the 

scattering vector, q, which is defined as follows; 
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        (2) 

where λ0 is the wavelength of light in vacuum and nm is the refractive index of the media 

containing the scattering entities (i.e. i-PP). θs is the radial scattering angle in air, whereas 

θ is the scattering angle in the medium, related to each other by Snell’s law.  

The set-up was calibrated using a pinhole as well as (quasi-) mono-disperse latex 

suspensions of polystyrene (PS) microspheres of diameters of approx. 1, 2 and 3 μm, 

respectively (Figure 2). The exact diameters of the pin hole and the particles in 

suspension were obtained by scanning electron microscopy (SEM) prior to the SALS 

measurements. A comparison of the integrated experimental scattering pattern obtained 

from the pinhole with the theoretical diffraction pattern given by the Airy function 45 

shows good correlation for scattering vectors up to 3 μm-1. Similarly, the experimental 

scattering patterns for the suspensions are found to correspond well with the Mie model 46 

of scattering from perfect spheres within the measured range. 

Typically, at least two measurements were conducted in each experiment to warrant 

reproducibility. 

 

2.4.1 Evaluation of scattering patterns 

As will be explained below in the theoretical section, substantial information about the 

solid-state structure of the material under investigation can be obtained directly from the 

mere 2-D appearance of the recorded scattering patterns. In addition, however, it is 

instructive to analyze the patterns after circular integration over the azimuthal angle μ and 
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averaging over the number of pixels. In this manner the integrated intensity vs. scattering 

vector, q, is obtained, as already seen in Figure 2. Maxima and characteristic slopes in 

these graphs are indicative of the particular shapes and sizes of the scattering entities. The 

circular integration was performed using the Fit2D program developed by 

Hammersley et al. 47. 

Finally, by integrating the plotted data over the scattering vector, and by adding the 

values obtained for scattering under crossed and parallel polarizers, the total intensity of 

scattered light is calculated. This value can be used to compare the scattering power of 

different samples. By limiting the integration to scattering angles θs higher than 2.5° we 

obtain a value, I2.5°, which will serve as a measure of the macroscopic optical properties 

of the material as characterized by what is generally referred to as “haze”. In addition, we 

will employ the so-called invariant to gather information about differences in the 

structure of the solid state of the investigated materials, as will be explained further in the 

theoretical part. 

 

2.5 Scanning electron microscopy 

Samples for scanning electron microscopy (SEM) studies were prepared by casting low 

concentration solutions (~1 % w/w) of i-PP and i-PP + 1 % w/wsolid additive (2 % w/wsolid 

for 4) in p-xylene, yielding thin films after evaporation of the solvent; these were 

subsequently molten and quenched to room temperature. The samples thus produced were 

coated with a thin conductive layer of platinum and imaged using a LEO 1530 Gemini 

(LEO Elektronenmikroskopie GmbH, Germany). 
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3  Small-angle light scattering 

3.1 Small-angle light scattering of single spherulites 

Scattering of light by semi-crystalline polymers arises from fluctuations in anisotropy and 

density brought about by the organization of the optically anisotropic crystalline lamellae 

and differences in the refractive indices of crystalline and amorphous phases. Materials of 

different structures of their solid state (“morphology”) will thus feature dissimilar light 

scattering characteristics. By studying the scattering patterns obtained by SALS, we can 

obtain information about the average size, shape and internal order of the scattering 

entities, allowing evaluation of the polymer morphology even when the crystallites are 

too small or undefined to be characterized by optical microscopy 48. 

Light scattering by inhomogeneous solids, such as semi-crystalline polymers, was first 

analyzed by Debye and Bueche 49, 50. Later, more detailed theories were developed for an 

increasing number of characteristic polymer morphologies. Using the Rayleigh-Gans-

Debye approximation, Stein and Rhodes derived equations for the scattering of polarized 

light at small angles for a single spherulite in an isotropic medium 51. These were later 

corrected 52-54, resulting in the following equations describing the scattered intensity, 

normalized according to the Rayleigh ratio (eq. 1), under parallel and perpendicular 

polarizers respectively 11 
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where θ and μ are, resp., the radial and azimuthal scattering angles (see Figure 3) and SiU 

is the abbreviation of the integral  

0
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SiU dx
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and U is the reduced scattering vector 
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Vs is the volume and rs the radius of the spherulite, αt and αr are its tangential and radial 

polarizabilities respectively, and α0 is the polarizability of the surrounding matrix. The 

cosρ1 and cosρ2 functions depend on the scattering angles and approach unity for small θ. 

The intensity under crossed polarizers (IHv) depends directly on the anisotropy of the 

spherulites through the term (αt-αr), whereas the intensity under parallel polarizers (IVv) 

consists of three factors and is influenced not only by the polarizability of the spherulites 

but also by that of the matrix. 

 

 

 

Figure 3. Model small-angle light scattering pattern under crossed polarizers (Hv) for a 

spherulite (of radius 5 μm; see text). Marked are the radial angle θ and the azimuthal angle μ. 

 

3.2 Small-angle light scattering of space-filling spherulitic systems 

The above equations were later extended to describe the scattering of light of films with 

space-filling spherulitic structures, taking into account truncation and interference 

effects 10, 11, 55, leading to the following expression for the Rayleigh scattering under 

perpendicular polarizers; 
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ϕs is the volume fraction of spherulites, κ(θ,μ) is a correction factor for multiple 

scattering and F(θ,μ) that for disorder and truncation. Using this equation, the scattering 

for a perfectly ordered spherulitic structure can be modeled, as displayed in Figure 3. As 

is evident from the equations, the intensity under crossed polarizers (IHv) is strongly 

dependent on the azimuthal angle μ. The (sin2μ) term gives rise to the characteristic four-

clove pattern, with maxima at azimuthal angles 45°. For perfect spherulitic systems, the 

reduced scattering vector U equals 4.09 at these maxima 48, allowing the average radius of 

the spherulites in the system to be determined using equation 6: 
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As can be seen, the radial angle of the scattering maxima is inversely proportional to the 

average size of the spherulites (Figure 4). An important difference between the light 

scattering by single spherulites and that by a film with a space-filling spherulitic structure 

is that, whereas the general features of the pattern remains the same, the total intensity of 

light scattered by the space-filling spherulitic system is proportional to the spherulite 

volume (i.e. to the third power of the spherulite radius, eq. 7), instead of to the square of 

the volume (sixth power of the radius), as is found for a single spherulite (eq. 3, 4). 

 

 

 

Figure 4. Right: Scattering patterns under crossed polarizers (Hv) for i-PP quenched to room 

temperature (top) and in ice water (below). Left: Scattered intensity at azimuthal angle 45° vs. 

scattering vector q of the upper (-) and lower (---) pattern, where the indicated maxima 

correspond to rs, av =13 μm and rs, av = 4 μm, resp. 
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3.3 Total scattered intensity and haze 

The recorded scattering patterns can be evaluated in terms of total scattered intensities, I, 

and invariants, Q. Assuming perfect polarizers, the total integrated intensity, Itot, is the 

sum of the scattered intensities under parallel and perpendicular polarizers, IVv and IHv, 

two-dimensionally integrated over all azimuthal angles and the measured range of 

scattering angles, as described in the experimental section. The value of Itot gives a direct 

measure of the amount of light being scattered by the sample. By integrating the 

intensities scattered at angles higher than 2.5° as measured in air, I2.5°, a comparison can 

be made with the macroscopic optical properties as characterized by haze, determined 

with standard procedures. Using the models for spherulitic scattering described earlier, 

the total integrated intensity can be calculated as a function of spherulite size. It is evident 

from these calculations that the total scattering reduces with decreasing dimensions. 

Similarly, the theoretical haze can be evaluated. Since the definition of haze excludes 

scattering at low angles (< 2.5°), and large entities scatter closer to the incoming beam, 

whereas small entities scatter at larger angles, there might be an initial increase in haze 

upon decreasing spherulite diameter, as was shown for small size impurities 56. However, 

once the dimensions of the spherulites are below a critical size, haze will, just like the 

total intensity, reduce with decreasing dimensions. 

 

3.4 Invariants of space-filling spherulitic systems 

In contrast to the total scattered intensity, the value of the invariant, Q, is independent of 

the size of the scattering entities. In the case of a spherulitic structure, the invariant under 

crossed polarizers is described by 10, 57 
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where ‹δ2› is the mean-square fluctuations in anisotropy, ϕcr,s the fraction of crystalline 

entities within the spherulites and δcr
0 the intrinsic anisotropy of a single crystal. P2 is a 

Hermans-type orientation function describing the orientation of the crystalline segments 

with respect to the spherulite radius 58, having a limiting value of 1 for perfectly arranged 
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spherulites. Consequently, even though the invariant is independent of the size of the 

spherulites, it does depend on their internal orientation, where disordering will result in a 

system of less scattering power 59, as already mentioned for the case of co-polymers. The 

two last terms in equation 10 describe the contribution of the amorphous fraction to the 

optical anisotropy and are assumed to be negligible. For a space-filling system where ϕs 

equals 1, the invariant Qδ can then be written as
  

 20
, 215 cr s cr

K
Q P  

         (11) 

The corresponding invariant under parallel polarizers, QVv is described by 
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The mean square fluctuations in density, ‹η2›, can in turn be written as 58: 

  2
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where s  is the average optical polarizability of the spherulites: 
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Hence, whereas the invariant in Hv directly describes fluctuations in anisotropy, the 

invariant in Vv is dependent on both the mean-square fluctuations in anisotropy and in 

density (i.e. refractive index). As can be seen from equation 13, QVv will increase as the 

volume fraction of spherulites augments, with a maximum at ϕs = 0.5 after which it 

decreases again. For space filling spherulitic structures, the contribution from mean 

square fluctuations in density approaches zero. For low angles, the cosρ1 function is close 

to 1, and the sinρ1 function becomes very small and can be neglected. Thus, for ϕs = 1, 

the invariant QVv equals 4/3Qδ. 

Since the SALS studies in this work are focused on space filling systems, we will mainly 

make use of the invariant determined under crossed polarizers. This is dependent on the 

degree of crystallinity and the internal orientation of the spherulites (equation 11). 

According to differential scanning calorimetric (DSC) measurements the crystallinity of 
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our samples is, to a good approximation, constant, rendering the invariant Qδ a direct 

measure of the degree of perfection and order of the spherulites. 

However, as stated above, these equations are only valid for spherulitic systems. In 

polymer films, other types of scattering patterns can also be observed, indicative of 

different crystalline arrangements. These patterns need to be described by 

correspondingly adjusted models. For example, Picot and Stein derived a qualitative two-

dimensional theory to take into account the influence of the level of development of the 

spherulites - ranging from rod-like crystallites observed in very early stages of 

crystallization, to sheaves as the lamellae start to fan out and finally develop into full 

spherulites 60, 61. Scattering from random assemblies of rods was studied by Rhodes 

et al. 62, as well as by Van Aartsen 63. For the latter assemblies, the invariant Qδ was 

found to be directly dependent on the axial ratio of the rods, with a maximum value 

obtained for a fairly thin disk (L/D = 0.03). At higher aspect ratios, the scattering power 

of the system decreased. Koberstein made a comparison of the invariants for non-random 

orientation correlations, such as the scattering from spherulites or rods, and random 

orientation correlations giving rise to circularly symmetric scattering patterns with no 

azimuthal dependence 59. This author found that, of the different morphologies 

investigated, a perfect spherulitic system has the highest scattering power, surpassing that 

of random- as well as rod- or disk-like structures. 

 

3.5 Integrated scattered intensity vs. scattering vector 

Additionally, as mentioned in the experimental part, the scattering patterns can be 

characterized by circularly integrating the recorded patterns and plotting the integrated 

scattered intensity vs. the scattering vector q. This type of evaluation is common practice 

in small-angle X-ray scattering (SAXS), where it has been observed that by using log-log 

plots the data will, in the so-called “Porod” range at high q values, have a slope of -4 for 

all types of particles or scattering entities with a well defined surface 49, 64.  

Additionally, any q value where a change in the dependencies of I vs. q occurs is 

inversely proportional to a length scale in the scattering system, and will thus provide 

additional information about the size of the scattering entities. It has been shown that 

scattering patterns obtained with SALS, using unpolarized light, can be evaluated in the 
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same manner 65-67 with a limiting slope of -4 at high scattering angles (Figure 5). 

However, depending on the shape of the scattering entities, there can also be 

characteristic slopes in lower q ranges, where -2 is typical for spherical scattering entities, 

and -1 is characteristic for rods. 

 

 

  

Figure 5. Log-log plots of the circularly integrated scattering under crossed polarizers, IHv, vs. q 

of the two spherulitic scattering patterns in Figure 4. 
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4 Results 

4.1 Light scattering as a function of additive concentration 

It is well known from earlier studies that the ability of an additive to clarify is closely 

linked to the phase behavior of the polymer/additive system (cf. Chapter 3) 2, 23. Hence, 

by performing SALS investigations of a series of i-PP samples containing a relevant 

range of concentrations of the commercial clarifying agent 1, we can determine the effect 

of the clarifying agent on the polymer’s morphology at different stages and correlate this 

with various optical properties. As already mentioned in the theoretical part, we only 

consider space filling systems and, therefore, focus on the scattering of light detected 

under crossed polarizers. As also noted above, according to DSC measurements the 

crystallinity of i-PP is not influenced much by the addition of 1; thus, changes in Qδ are 

due only to variations in the internal orientation or shape of the crystallites and, 

consequently, provides a direct indication of changes in their structure and arrangement. 

In Figure 6 SALS images, obtained using crossed polarizers, of i-PP containing different 

amounts of 1 are displayed, together with plots of I2.5° and Qδ vs. the composition of the 

corresponding samples. [N.B. The images are inverted and re-scaled for best possible 

contrast, hence, the intensity levels in the images cannot be compared directly.] Similar as 

for the macroscopic optical properties, “haze” and “clarity”, three concentration regimes 

can be discerned 23. Initially, at low concentrations of the additive (0 - 0.15 % w/w), 

scattering typical of spherulitic structures is dominating. That pattern becomes 

successively larger, indicating that the spherulite size is decreasing. The integrated 

intensity decreases accordingly, whereas the invariant Qδ slightly increases. This could be 

due to the increasing crystallization temperature, which reduces the undercooling, 

resulting in better organized and thicker lamellae. In the next higher additive 

concentration regime a drastic decrease in both invariant and scattered intensity, as well 

as a dramatic change in the appearance of the scattering patterns are observed. Instead of 

the classical spherulite-type scattering, now a random pattern is recorded, which, at 

increasing concentration, gradually changes into a cross-shaped pattern with high 

intensities at low q values - typical for randomly arranged rod-like structures rather than 

spherulites 68-71. These findings are in concert with observations made by Kobayashi 

et al., who reported a similar pattern in SALS studies of i-PP containing 0.5 % w/w of 
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Figure 6. Total integrated scattering intensity at θs ≥ 2.5° vs. concentration of i-PP samples 

containing additive 1 (top left) and corresponding invariant in Hv, Qδ, (top right) (The drawn lines 

are a guide to the eye only). Bottom: SALS images under Hv polarization for i-PP containing 

0; 0.05; 0.1; 0.15; 0.2; 0.3; 0.5; 1.0; 2.0 and 5.0 % w/w 1. (The images have been inverted and 

corrected for optimal clarity of the patterns. For (relative) quantitative intensities, see Figure 7). 

 

agent 1 26. The cross-shaped pattern becomes more pronounced as the concentration of 

additive is increased, and the possibility that the pattern originates from the clarifying 

agent itself needs to be considered. However, when heating the samples to a temperature 

well above the melting temperature of the polypropylene, but below that of the additive, 

the patterns disappear at the melting of the polymer. This observation indicates, of course, 

that the presence of the solid clarifying agent in the polymer melt does not give rise to 

any significant scattering under crossed polarizers. By contrast, it does give rise to some 

scattering under parallel polarizers, indicative of fluctuations in refractive index. At 

concentrations ≥ 0.5 % w/w, the additive in the melt actually causes a larger amount of 

scattering than the solid mixture. Since the agent appears to give rise to more scattering in 

the molten polymer than in solid i-PP, we conclude that there is a very good refractive 

index matching between 1 and the solid polymer. 

Finally, at high concentrations of 1, the region of liquid-liquid phase separation in the 

phase diagram is reached (cf. Figure 2, Chapter 3) 23. This is also clearly reflected in 

SALS. The polymer blend sample containing 5 % w/w of the additive features a “double 
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pattern”; an intense four clove pattern at low q values, corresponding to regions of 

separated clarifying agent, and a weaker pattern from i-PP in the background. A clear 

four-clove pattern from i-PP is only visible for the pure polymer. The maximum intensity 

at azimuthal angle 45° is for this pattern at q = 0.3 μm-1, corresponding to an average 

spherulite radius of about 13 μm (see eq. 8), which compares well with optical 

microscopy observations. 

By circularly integrating and averaging over the pixels, the light intensities (recorded 

under Hv) from the scattering patterns can be plotted vs. q, revealing the relative amount 

of scattering for samples containing different concentrations of 1 (Figure 7). The decrease 

in total amount of scattering upon addition of the agent is clearly visible. In order to 

illustrate the corresponding haze, the lower “haze limit” of 2.5° has been marked in the 

graphs. As mentioned in the theoretical section, characteristic slopes in log-log plots of 

the intensity of scattered unpolarized light vs. q provides information about the shape and 

size of the crystallites. Also in our measurements under crossed polarizers, the shapes of 

the plots change as the polymer solid-state structure is altered by addition of the clarifying 

agent. For neat polypropylene, a slope of -4 is observed in the higher q-range, in 

accordance with Porod’s law. Within our experimental q-range, this characteristic Porod 

scattering was only observed for the material without additive, indicating that the 

scattering entities in neat i-PP are significantly larger than in the compounds with the 

clarifying agent. At increasing amounts of 1, the level of scattering decreases and the 

transition to the Porod regime moves to higher q values. At further increased 

concentration of the additive, the level of scattering continues to decrease and the 

intensity becomes almost independent of q, corresponding to the random scattering 

patterns observed for concentrations close to the optimum. At even higher additive 

contents, where the rod-like pattern starts to develop, the intensity/q curves feature a 

slope of -1, which is in accord with the value that is characteristic for rod-like systems. 

The transition to the Porod range is for these samples outside of the measured q range. 

For the sample containing 5 % w/w, a slope of -4 is found at low values of q, and -1 at 

higher q. This is consistent with a structure of large regions of undissolved additive in a 

rod-like polymer structure in this composition regime. 

It has been shown that 1 has its clarifying effect on i-PP exactly in the concentration 

range where the change in the appearance of the scattering pattern and the decrease in Qδ 

are observed (cf. Ref. 23). Thus, there exists an excellent correlation between the level of 
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Figure 7. Log-log plots of circularly integrated intensities under Hv polarization (averaged over 

the number of pixels) vs. q for for i-PP containing, resp. 0; 0.05; 0.1; 0.15; 0.2; 0.3 % w/w (left) 

and 0.3; 0.5; 1.0; 2.0 and 5.0 % w/w 1 (right). The lower “haze limit” of 2.5° and slopes of -4 and 

-1 have been marked for orientation. 

 

haze and the change in morphology of the polymer, indicating that the transformation 

from a spherulitic structure to a random- or rod-like arrangement is crucial, and 

characteristic of the clarified polypropylene. 

To corroborate our conclusions regarding the various morphological structures of i-PP, 

scanning electron microscopy was conducted complementary to the above SALS 

experiments. For this purpose, solution-cast samples of polypropylene as well as of 

polypropylene containing 1 w/w % of 1 were produced, dried, molten and subsequently 

quenched. Figure 8 reveals clear, classical spherulitic structures for neat i-PP, whereas the 

polymer containing the clarifying agent features a very fine appearance comprising the 

fibrillar network of the additive, in accordance with earlier optical microscopy 

observations (cf. Ref. 23). At increased magnification, the radially ordered lamellae 

constituting the spherulites in the neat i-PP can be discerned. The polymer lamellae in the
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Figure 8. SEM images of neat polypropylene (left) and polypropylene containing 1 % w/w of 1 

(right). 

 

clarified material, by contrast, are organized in rod-like shish-kebab-type structures, 

grown off the fibrillar network of the clarifying agent, indeed consistent with the SALS 

observations presented above. 

 

4.2 Comparison to other additives 

In order to verify if the above transformation from classical spherulitic structures to a rod-

like arrangement is generally true for clarified i-PP, the morphologies of the polymer 
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comprising two other clarifying agents, as well as of nucleated, but not clarified material 

were examined in the same manner. For this purpose were selected: 2, a newer generation 

of the sorbitol-type clarifying agents; 3, a commercial clarifying agent based on a core of 

substituted trisaminobenzene; and 4, a substituted trisaminobenzene with a good 

nucleating-, but no clarifying effect on i-PP (chemical structures in Table 1). 

In Figure 9a-c the evaluation of SALS data vs. additive concentration, as earlier for 

additive 1, is displayed for 2, 3 and 4, resp., in the relevant concentration ranges - based 

on the phase diagrams of the different compounds and i-PP (cf. Chapter 3 and Refs. 2, 5). 

Strikingly - and reassuringly - the two clarifying agents 2 and 3 both display the evolution 

towards random- and rod-like scattering patterns observed for 1, with the accompanying 

decrease in integrated scattering intensities and invariants. As can be expected from the 

phase behavior and earlier haze measurements, the concentration range yielding random- 

and rod-like patterns for i-PP/2 is slightly shifted compared to that with 1, perfectly 

corresponding to the compositions featuring optimal optical properties (cf. Chapter 3).  

 

 

Figure 9a. Total integrated intensity at θs ≥ 2.5° (left) and invariant in Hv (right) vs. concentration 

of additive 2 in i-PP (The drawn lines are a guide to the eye only). Bottom: Corresponding SALS 

images under Hv polarization for i-PP containing: 0.05; 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 1.0; 2.0 and 

5.0 % w/w 2 (for relative quantitative intensities, see Figure 10).  

 



86 
 

 

Figure 9b. As in Figure 9a for additive 3; corresponding SALS images under Hv polarization for 

i-PP containing: 0.0001; 0.0002; 0.0005; 0.0011; 0.0024; 0.0052; 0.011; 0.024 and 

0.052 % w/w 3. 

 

 

 

Figure 9c. As in Figure 9a for additive 4; corresponding SALS images under Hv polarization for 

i-PP containing: 0.02; 0.03; 0.04; 0.05; 0.07; 0.09; 0.13; 0.18 and 0.25 % w/w 4. 
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Due to the higher sensitivity to both concentration and cooling rate, the optimum 

composition window is smaller for the polymer containing additive 3, and, therefore, the 

scatter in the data is somewhat higher. 

The nucleating, but non-clarifying agent 4, on the other hand, features dominant 

scattering characteristics of spherulitic structures over the entire concentration range and 

no change into patterns characteristic of random- or rod-like arrangements was observed. 

The scattered intensity above 2.5° also does not change in the concentration range 

studied, in agreement with earlier studies of haze of this system 5. Interestingly, the 

invariant Qδ increases slightly due to nucleation by this additive, as seen also for i-PP 

comprising small concentrations of the other agents (possibly due to the decreased 

undercooling), but then remains constant for all other concentrations, confirming that 

there is no change in solid-state structure. 

 

 

Figure 10a. Log-log plots of circularly integrated intensities under Hv polarization (averaged 

over the number of pixels) vs. q for i-PP containing additive 2 at the concentrations indicated. 

 



88 
 

 

 

Figure 10b. As in Figure 10a for additive 3 at the concentrations indicated.

 

 

 

Figure 10c. As in Figure 10a for additive 4 at the concentrations indicated.
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Plots of circularly integrated intensities vs. q, derived from the scattering patterns, reveal 

the same trends (Figure 10a-c). Results obtained with i-PP containing 2 and 3 indicate a 

transition towards a slope of -1 at increasing concentration of the additive, further 

substantiating a change into a rod-like morphology. Increasing the content of the non-

clarifying agent 4 leads to an initial decrease of the total intensity of the patterns and a 

shift of the “knee” to higher values of q - due to nucleation - however, without a change 

in the resulting slope. 

Results of scanning electron microscope investigations of the above 3 i-PP/additive 

systems are presented in Figure 11. The polymer comprising the clarifying agents 2 and 3 

is seen to crystallize from fibrils of the additive in the form of shish-kebab-type structures 

in the same manner as observed with 1. By contrast, structures obtained with i-PP and the 

nucleating agent without clarifying ability, 4, are markedly different.

 

 

Figure 11. SEM images of polypropylene containing 1 % w/w of 2 (left), 1 % w/w of 3 (center) 

and 2 % w/w of 4 (right). 
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Although this additive forms needles similar to those of 3, the polypropylene lamellae are 

not growing predominantly onto them, but rather are organized similar to those in the neat 

polymer. Naturally, the present spherulitic entities are significantly smaller and not as 

well discernable as in i-PP, due to nucleation of the polymer by the additive. However, 

the drastic change in morphology of the polymer induced by the above nucleating- and 

clarifying agents 1-3 is absent and, consequently, clarification does not take place. 

Finally, it should be noted that the solid-state structure of the clarified polypropylene as 

observed in the SEM, as well as the appearance of the corresponding scattering patterns, 

are slightly different for the three agents 1-3. Here, of course, the self assembly and 

crystallization characteristics of the additive are decisive. The dispersion and distribution 

of nucleation sites (i.e. the density of the network) will direct the polymer morphology in 

terms of volume ratio and aspect ratio of the rod-like shish-kebab structures. 
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5 Discussion 

Spherulites are extremely efficient scatterers due to their optical anisotropy. It can be 

derived from the theory of small-angle light scattering that their scattering power is 

inversely proportional to their radius cubed. Thus, it can be expected that decreasing 

spherulite size in polymer solids will lead to improvement of their optical properties. 

However, since haze - the optical characteristic of interest in this study - is defined as the 

amount of light scattered at angles higher than 2.5°, and larger entities scatter at lower 

angles than smaller ones, this correlation between optical properties and spherulite size is 

not entirely trivial. A reduction in spherulite diameter could even, around a certain critical 

size, cause an initial increase in haze. In addition, and more importantly, it appears that a 

reduction in spherulite size is not enough to clarify polypropylene in the drastic way that 

modern commercial clarifying agents achieve. In order to reach the low levels of haze 

commonly found, the additive must be able to not just decrease the size of spherulites in 

the solid polymer, but to effectively inhibit formation of the characteristic long-range 

spherulitic organization of the lamellar crystals. In other words, instead of allowing the 

polymer to crystallize into a spherulitic morphology, a clarifying agent must induce a 

more random organization or long-range structures with less scattering power, such as 

cylinders or rods. 

Indeed, the SALS data show that the change from a spherulitic into a random or rod-like 

morphology of i-PP concurs with the optimum optical properties for three commercial 

clarifying agents. Scanning electron microscopy studies revealed shish-kebab type 

structures in the clarified polymer, in agreement with earlier AFM observations of linear 

low-density polyethylene (LLDPE) comprising sorbitol-based additives, by Andreassen 

et al. 72. By contrast i-PP containing a nucleating agent that caused a reduction of 

spherulite size only, did not feature the above structures, and indeed failed to act as a 

clarifier. Thus, we conclude that the random or rod-like morphologies in our samples are 

not only characteristic, but of fundamental import for clarification of polypropylene. 

The prevention of the formation of spherulitic structures in the crystallizing polymer by 

the clarifying agents is thought to be due to an extraordinarily high density of nucleation 

sites. This high density is provided - through a favorable phase behavior - in the form of a 

nano-fibrillar network (1, 2) or needles (3) of the agent in the molten polymer. It is still 
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unclear if such a high density of nuclei invariably gives rise to the desired type of 

morphology and resulting optical properties - for example, if the nucleating structure is 

not of a network/needle type but rather consists of small solid particles, and if the 

required level of nucleation sites can even be obtained with such agents. 

The density of nucleation sites is a function of the undercooling, the surface area of the 

dispersed nucleating agent and, of course, potential epitaxy between the agent and the 

polymer. However, also the rates of nucleation and crystal growth (both of the polymer 

and the additive) must be taken into account since high nucleation- and growth rates of 

the polymeric species, such as observed for high-density polyethylene, will allow the 

polymer to develop into full spherulites, even if the nucleus density is high. 

Finally, it should be pointed out that the undercooling, or crystallization temperature, 

plays a very important and complex role. On the one hand, the degree of undercooling 

will determine the rate of nucleation (of both the polymer and the agent). On the other 

hand, the crystallization temperature also directs the crystal growth rates and the lamellar 

thickness of the polymer. Also, the fibrillar structure of the clarifying agents is sensitive 

to the undercooling with thicker fibrils being formed at higher crystallization 

temperatures, therewith reducing their solid surface area and, hence, the nucleus density, 

which explains the observed cooling rate dependency of the clarifying ability of the 

agents (cf. Ref. 23). 
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6 Conclusion 

Combined small-angle light scattering (SALS) and scanning electron microscopy (SEM) 

studies of the mechanism of reducing haze in isotactic polypropylene (i-PP), through the 

addition of so-called clarifying agents, reveal that a simple reduction of the size of 

spherulites in the solidified polymer alone cannot account for the drastic improvement of 

this optical characteristic. In order for an additive to achieve this, it must be capable of 

preventing the classical, highly efficient light scattering spherulitic structures to form in 

the solidifying polymer. Instead, the agent must be able to induce randomly ordered or 

rod- or shish-kebab like crystalline entities. The latter requirement, most likely, is 

achieved only if the additive is capable of providing an ultra-high density of nucleation 

sites. 
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The present thesis was concerned with the study of nucleating and clarifying agents for 

semi-crystalline polymers, in particular for isotactic polypropylene (i-PP). In general, 

semi-crystalline polymers at temperatures between their glass transition and melting point 

will crystallize into a space-filling spherulitic structure. Such spherulites scatter visible 

light extremely efficiently, due to the specific internal orientation of the optically 

anisotropic lamellar crystals parallel to the spherulite radius. Thus, semi-crystalline 

polymers often have a high value of so-called “haze”, indicating translucent, or even 

opaque optical characteristics. 

Addition of a nucleating agent to a crystallizable polymer typically gives rise to a 

reduction in spherulite size, because of the increased amount of nuclei. This will cause 

some decrease in scattering of light, leading to earlier theories that smaller spherulites are 

the reason also for the drastically improved optical properties impaired by certain 

nucleating agents - so-called clarifying agents. However, merely reducing the dimensions 

of these scattering centers is not enough to reach the exceptional levels of clarity and haze 

that result upon the addition of clarifying agents to semi-crystalline polymers. For 

example, in Chapter 2, it was shown that highly fibrillated poly(tetrafluoroethylene) 

(PTFE) constitutes an extremely versatile nucleating agent, inducing a significant 

reduction of spherulite size in various bulk semi-crystalline polymers. However, the 

optical properties of these materials were only very modestly improved. 

In an attempt to resolve the issue of just what characteristic render an additive into a 

clarifying agent, in Chapter 4, small-angle light scattering (SALS) was introduced as a 

tool to investigate more in detail the influence of such additives on the solid-state 

structure of semi-crystalline polymers, employing i-PP as a model system. It was found, 

and this is one of the main conclusions of this thesis, that the remarkable enhancement of 

optical properties of i-PP induced by clarifying agents, is not only due to a reduction in 

size of the spherulites, but - more importantly - the result of a drastic transformation of 

the polymer morphology. In order to achieve the optical properties found in clarified i-PP, 

the development of a spherulitic structure - with its characteristic radial lamellar 

orientation - must be hindered in favor of a structure with less scattering power, such as 

an arrangement possessing a random or rod-like organization of the lamellar crystallites. 

The results from Chapter 4 illustrating the various, strikingly different, characteristic 

morphologies of neat, nucleated and nucleated/clarified polypropylene are displayed in 

Figure 1, together with the corresponding SALS patterns and resulting optical properties 
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of 1 mm thick, injection-molded plaques of the polymer. From Figure 1, it can be seen 

that the appearance of the rod-like morphology in clarified i-PP is driven by the 

extraordinarily high density of nucleation sites provided by the clarifying agents’ fibrillar 

network. The scanning electron (SEM) micrographs in this figure clearly reveal the 

polymeric crystallites growing as rod-like shish-kebab type entities from the fibrillar 

surface of the additives, leaving no room for the polymer to develop further into full 

spherulites. 

The necessity of a high density of nucleation sites also explains the lack of a clear 

correlation between increased crystallization temperature of the polymer and improved 

optical properties (i.e. Figure 1, Chapter 4). The efficiency of a nucleating agent is often 

measured by the increase in crystallization temperature it imparts on the polymer. 

However, an elevated crystallization temperature does not necessarily imply a high 

nucleation density, as this also depends on surface area and dispersion of the additive in 

the polymer. Additionally, the crystal growth rate of the polymer will play a significant 

role in the final size distribution of the spherulitic structures formed during solidification 

of a polymer melt. 

Nonetheless, one outstanding issue remains the identification of the molecular 

characteristics of a good clarifying additive. Obviously, excellent dispersion in the 

polymer matrix is a pre-requisite. This is, for the presently known clarifying agents, 

controlled by a favorable phase-behavior of the agent in the polymer, resulting in fine 

needles or a nano-fibrillar network, as shown in Chapter 3. However, the mere existence 

of a fibrillar structure with a high surface area is, of course, not enough; the surface 

provided must strongly promote nucleation of the polymer. This could be due to the 

chemical structure of the fibrils, providing matching crystallographic distances that 

enable epitaxial growth 1-5, or by features such as grooves on the surface of the fibrils, 

minimizing the energy barrier for growth of crystallites 6-8. However, despite several 

major studies, including the one presented in this thesis, there are still no detailed 

guidelines for the optimal chemical structure of a clarifying agent 9. Having resolved the 

relevance of control of dispersion, phase behavior and desired structure of the final solid 

polymer, future studies directed to providing those guidelines are likely to focus on 

developing a better understanding of the structural issue mentioned above, i.e. the 

correlation between the chemical structure and surface topology of additives. 
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Add. - 1 2 3 4 

% w/w 0 1 1 0.025 0.07 

H (%) 71 15 9 16 58 

C (%) 49 98 96 98 81 

Tc (°C) 113 131 131 125 119 

 

Figure 1. Summary of the results presented in Chapter 4: Small-angle light scattering (SALS) 

patterns under crossed polarizers, scanning electron microscopy (SEM) images of solution-

cast/molten/recrystallized samples, and photographs of 1 mm thick, injection-molded plaques of 

neat i-PP (left) and i-PP containing the optimum concentration (yielding the lowest haze; 

indicated) of, from left to right, additives 1, 2, 3 and 4, illustrating haze (H) and clarity (C) - the 

values of which are also listed together with the peak crystallization temperature (Tc) of the 

polymer (values from Ref. 10 (3), Ref. 9 (4)). 
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Furthermore, having demonstrated progress in understanding clarified structures of i-PP, 

the question remains whether the favorable rod-like morphology can be imposed also on 

other semi-crystalline polymers. Initial tests have been performed with high-density 

polyethylene (HDPE), a material which is widely used in packaging applications, and for 

which transparency would be a much desired property. However, the high nucleation- and 

crystal growth rate of HDPE appears to render it difficult to significantly influence the 

solidification by means of nucleating agents (see Chapter 2). Yet, initial SALS 

measurements of HDPE containing the sorbitol clarifying agent TBPMN (2) show that a 

rod-like morphology is present, similarly as in clarified i-PP (Figure 2). This observation 

is confirmed by SEM studies of solution-cast/remolten samples of HDPE, prepared in the 

same manner as those of i-PP in Chapter 4 (Figure 3). Nevertheless, the haze of the 

polymer, as measured by conventional methods, is only modestly improved by addition of 

the agent 11. Vaughan et al. found that the sorbitol clarifying agent 1,3:2,4-

dibenzylidenesorbitol (DBS) gave rise to a comparable nucleus density in a mix of high-

and low-density polyethylene, as in commercial clarified propylene/polyethylene 

copolymer 8. However, due to the substantially higher crystal growth rate of HDPE as 

compared to i-PP, a considerably higher nucleus density is likely to be needed in order to 

 

 

 

Figure 2. SALS scattering patterns recorded under crossed polarizers (right) and corresponding 

log-log plots of circularly integrated intensities (averaged over the number of pixels) vs. q (left) 

for neat high-density polyethylene (HDPE, top) and HDPE containing 2.5 % w/w of additive 2 

(bottom). 
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Figure 3. SEM micrographs of neat HDPE (left) and HDPE containing 2.5 % w/w of 2 (right). 

 

fully hinder spherulitic growth, and the clarifying ability could prove to be more sensitive 

to cooling rate. Possibly, because of the rather bulky samples used for haze measurements 

and the generally poor thermal conductivity of polymeric species, the amount of 

undercooling that can be achieved is too low. This would result in a rate of nucleation that 

is not high enough, compared to the very high rate of crystallization of the polymer, to 

fully hinder the unwanted spherulitic crystallization - despite the high surface area 

provided by the clarifying agent. Furthermore, the intrinsic birefringence of high-density 

polyethylene is approximately twice as high as that of polypropylene, and its degree of 

crystallinity is normally more elevated, both of which play a role in the amount of light 
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being scattered (see equation 10, Chapter 4). Nevertheless, it has been demonstrated for 

drawn polyethylene that transparency can be obtained also in this polymer by inducing a 

shish-kebab morphology 12 - therewith providing at least a positive proof of concept. 

Thus, development of clarifying agents for HDPE is definitely an area of interest worthy 

of further investigation. 

In a related context, the β-form of i-PP - its morphology and properties - could 

advantageously be explored further. Polypropylene of high β-phase content has been 

shown to feature disappointing optical properties, i.e. high levels of haze 13, 14. One reason 

for this could be that many β-phase promoting nucleating agents also allow for the 

formation of α-phase crystals, leading to increased light scattering due to differences in 

birefringence and refractive index between these two crystal polymorphs 15, 16. In 

addition, the most efficient β-promoting nucleating agents are, unfortunately, not soluble 

in the polymer melt, and it will, thus, be difficult to disperse the agent to the superior 

degree associated with conventional clarifying agents 17-19. Hence, it would be interesting  

 

 

 

Figure 4. Integrated intensity at θs ≥ 2.5° (i.e. “haze”) determined across the thickness, from the 

middle to its edge, of 5 mm thick, injection-molded samples of neat i-PP (■) and i-PP containing 

0.6 % w/w of the clarifying agent 1 (□). Below, optical micrographs, taken under crossed 

polarizers, of the corresponding area of the samples, i-PP (top) and i-PP/DMDBS (bottom). 
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to investigate the possibility of identifying a soluble agent that exclusively nucleates the 

β-modification of i-PP, and evaluate the optical properties of the resulting material. 

Finally, it would be of interest to further evaluate the use of SALS for analysis of the 

optical performance of clarified semi-crystalline polymers. In Chapter 4, application of 

SALS proved to be a most eligible aid in the investigation of clarifying agents, providing 

detailed morphological information, with simultaneous recording of the light scattering 

characteristics related to the property of interest - haze. In addition, it is a versatile tool 

for performing a first comparison of macroscopic optical properties of polymers, 

requiring only a small amount of material and involving uncomplicated sample 

preparation. The small measuring volume (determined by the diameter of the laser) 

allows assessment of local optical properties and morphological characteristics, for 

example along a cross section of thicker specimens (cf. Figure 4). In addition, structural 

features and optical properties can be determined during heating and cooling, providing 

information about the characteristics at different stages during crystallization and melting, 

as well as allowing the evaluation of scattering from the additive in the molten polymer 

and the determination of the influence of cooling rates on the morphology and scattering 

characteristics. 
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