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Abstract 
In this work, an in-depth analysis of crystalline characteristics has been performed for a 

unique set of strictly monodisperse poly-ε-caprolactone (PCL) oligomers. The molecules have 

different sets of end groups with various degrees of bulkiness and hydrogen bonding 

potential, affecting their aptitude to pack in ordered crystal structures. The oligomers also 

have different numbers of repeating units (n = 2-64), affecting the degree to which end groups 

influence overall molecular characteristics. The presence of bulky end groups leads to an 

innate confinement effect on crystallisation which in turn makes it possible to utilize the set of 

PCL oligomers to study confined space crystallisation. Confined space crystallisation is 

explored as a route to gain further understanding about the early metastable phases in crystal 

formation.  

 

The monodisperse nature of the samples made it possible to collect very precise small-angle 

and wide-angle X-ray scattering data (SAXS and WAXS) as well as calorimetric data. 

Computer modeling studies were performed to support experimental findings. It was shown 

that end groups strongly affected crystallisation features for the shorter oligomers (n ≤ 8) but 

to a lesser extend for the longer oligomers (n ≥ 16). The presence of a bulky end group at one 

end of an oligomer could inhibit the formation of hydrogen bonds on the other end. Short 

oligomers (n = 8) with OH-end groups exhibited novel packing characteristics. At one 

isothermal crystallisation temperature the molecules exhibited not only lamellar ordering but 

also an additional, likely rectangular or slanted, ordering. The sample was packed in a unique 

structure with molecular chains lying parallel but not aligned head to head with each other. At 

a higher crystallisation temperature the molecules packed in a double layered structure and at 

an even higher temperature in a typical non-folded but tilted single-molecular layer pattern. 

 

Unit cell determination was performed for a short oligomer with two bulky end groups, 

showing the existence of a tetragonal unit cell with different dimensions than the 

orthorhombic unit cells previously reported for linear PCL without end groups. To gain 

greater insight into the earliest stages of molecular packing, in situ WAXS measurements 

were performed using a synchrotron radiation beam and measuring data each 12 s whilst very 

slowly going from melt to isothermal crystallisation. It was shown that the crystal unit cell 

was distorted during the first minutes of slow crystallisation, which might either represent a 

metastable phase or else a highly distorted orthorhombic phase. 
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1. List of symbols and abbreviations of chemicals 

 

Symbols 

Ts                   Starting temperature 

Ts    Crystallisation temperature 

Tf                   Melting temperature  

Wc                    Mass crystallinity  

Wc-corrected                                               PCL mass crystallinity  

Lp                   Long periods  

Lc                   Crystalline layer thickness 

Vc                    Percentage volumes of crystalline part 

a
!                    Amorphous density  

c
!                     Crystalline density  

σ                   Surface energy 

σe     Fold surface free energy  

 

 

Chemicals 

________________________________________________________________________ ___                                                                                                                                                                                                                                    

PCL                                                                   Poly(ε-caprolactone) 

Bn                                                                      Benzyl 

TBDMSO                                                             t-Butyldimethylsilyl 

 

 



' 

 

2. Introduction 

 

2.1 Purpose of this study 

Early stages of polymer crystallisation have attracted the focus of a number of scholars over 

the years. The reason is that these stages provide insight into the more complex behaviors of 

polymers during crystallisation that are not addressed by simple models. In 1991 Rastogi et al. 

convincingly showed that a metastable phase for polyethylene existed at elevated pressure but 

below the triple point. This mobile hexagonal form of the polymer preceded the stable 

crystalline form [1]. Studies of metastable phases have continued since, the challenge lying in 

“trapping” polymers in said phases.  

 

Crystallisation of polymers in physically confined environments might create a window of 

opportunity to study metastable phases. Confined space crystallisation can be achieved 

through a number of ways. One way is to utilize polymers with bulky end groups that limit 

the possibilities for crystal formation. These studies have exploited a set of monodispersed 

poly(ε-caprolactone) (PCL) oligomers with different numbers of repeating units (n = 2-64) as 

a model for polymer crystallisation. The oligomers have different end groups with various 

degrees of bulkiness and hydrogen bonding potential.   

 

The unique attributes of the samples has allowed for an in-depth analysis of how crystalline 

characteristics such as crystal thickness, degree of crystallinity, long period, melting behavior 

and surface energy were affected by the degree of polymerization and the characteristics of 

the end groups. The purpose of this work has been to explore the innate confinement effects 

arising due to end group composition as a route to confined space crystallisation, in the 

process investigating the presence of metastable crystalline phases or other early initial stages 

of crystallisation. 
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2.2 Theories on polymer crystallisation 

The process of crystallisation in polymer systems has been debated since polymer 

crystallisation was first mentioned by Stradinger in 1927 [2]. In 1957 it was discovered that 

thin single crystals of polyethylene can be grown from dilute solutions. Based on electron 

diffraction and electron microscopy findings Keller was the first who observed the crystal 

lamella, the basic element in polymer crystallisation. He realized that the long polymer chains 

were more or less regularly folded between the upper and lower lamella surfaces [3].  

 

It was soon discovered that lamellar crystals of other polymers also exhibited chain folding 

and that chain folding was an essential feature of crystallisation from the molten state. Keller 

realized that the spherical structures (spherucles) that were visible by electron microscopy 

arose due to branching and splaying of the basic lamellar structure. The detailed mechanism 

of spherucle formation was to be revealed some 30 years later when it was discovered that the 

giant screw dislocation generated two or more diverging crystallizing arms which were 

capable of obtaining a spherical symmetry [4]. 

 

Since the beginning of the 1960s the Hoffman-Lauritzon theory and several modifications and 

extensions of it have dominated the scientific debate regarding the process by which polymers 

crystallize. In 1961 and 1962 Hoffman and Lauritzen presented their theory for growth of 

chain-folded crystals based on nucleation theory for polymer crystallisation from solution [5] 

and from the melt [6]. The Hoffman-Lauritzon model is built upon the idea that an increase in 

the activation barrier leads to the characteristic exponential law for the variation of the 

crystallisation time with the crystallisation temperature.  

 

The activation barrier has to be surmounted when placing a nucleating first stem into the 

growth face. The crystal growth rate is determined by this “secondary nucleation” step. The 

resulting structure is the one which develops with the highest rate. According to the Hoffman-

Lauritzon model the maximum development rate is reached for a crystal thickness just above 

the stability limit of the crystal. 
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The Hoffman-Lauritzon theory explains many experimental observations and can also be used 

to calculate key quantities such as crystal growth rate and crystal thickness as a function of 

temperature. But the model, which acknowledged the fact that crystals are far from 

equilibrium and thus exhibit metastability, is based on simplifications. According to the 

model the formation of the secondary nuclei occurs by adsorption of a single stem with some 

unspecified disorder. The formation of the tertiary nuclei occurs by the immediate ordering to 

perfect crystalline state.  

 

The Hoffman-Lauritzon model has been criticized and built upon by a number of researchers. 

For example Point and Dosiére suggested flaws in the model when it comes to explaining the 

kinetics of polymer crystallisation [7]. Particularly the observation of ordered structures at 

very early times has led to the development of new theories. Sadler constructed an alternative 

model which works for rough growth faces. An elementary step that is introduced in this 

model is a reversible detachment and attachment of short-chain sequences. Calculations based 

on the Sadler model suggest that the growth face explores many different configurations and 

that a high entropic activation barrier controls the rate of growth. Like the Hoffman-Lauritzen 

model this model suggests that the lamellar crystallites grow directly into the entangled melt 

[8].  

 

In an article published in 1997 Hoffman and Miller developed a flux-based surface nucleation 

model that is concerned with the nature of polymer chains in close detail. This paper amongst 

others deals with the variation of the initial lamellar thickness, undercooling, the origin of the 

lateral surface free energy σ, the fold surface free energy σe, “quantized” chain folding at low 

molecular weight and the generation of nonadjacent events such as tie chains. It also explains 

the origins of various crystalline regimes and associated crystal growth rates [9]. Models 

dealing with polymer crystallisation have evolved considerably since crystallisation was first 

mentioned in 1927. However, they still tend to be focused on later stages of polymer 

crystallisation and cannot fully explain observations relating to very early stages. 
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2.2 Early stages of crystallisation and metastable phases 

Early stages of polymer crystallisation have attracted the focus of a number of scholars over 

the years as they provide insight into the more complex behaviors of polymers not addressed 

by traditional models. For example Kymaraswamy et al. studied the early stages of 

crystallisation in a polydisperse isottactic polypropylene during and after a brief interval of 

shear. They found that the lamella seemed to grow from a central thread until they impinged 

about 100 s after cessation of shear to form the dense crystalline structure in the skin [10].  

 

Early stages of crystallisation of polyethylene were also studied by Wang et al. via 

simultaneous small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS). 

Short-range density fluctuations with periodic spacing ranging from 40 to 80 nm were 

detected by SAXS before the identification of 3D crystal ordering by WAXS. This and similar 

studies have indicated that the spindonal decomposition due to chain conformation in the 

molten state may act as a precursor to crystallisation, but another interpretation is that the 

early stages of crystallisation follow the classical nucleation and growth behavior with a 

simple Avrami expression [11].  

 

By performing dynamical mechanical experiments on four isotactic polypropylenes Pogodina 

et al. have shown that the early stages of crystallisation can be thought of as a process of 

physical gelation [12]. Albrecht et al. studied crystallisation of polyethylene in early stages by 

time-resolved SAXS and determined the lamellar thickness at the various stages of 

crystallisation. It was found that a gradual transition occurs from the initial stage with single 

lamellae to the formation of stacks of lamellae. This is accompanied by a continuous and 

logarithmic growth of the crystallite thickness with time [13]. All the above theories assume a 

multistep process from the entangled melt via different metastable structures to the final 

polymer crystal.  

 

A number of studies have confirmed the presence of metastable phases. In 1991 Rastogi et al. 

convincingly showed the existence of a metastable phase for polyethylene at elevated pressure 

but below the triple point. This mobile hexagonal form of the polymer preceded the stable 
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crystalline form [1]. Another convincing evidence of the existence of metastable phases 

originated from a paper by Ungar and Rastogi in 1992 where they could show size-induced 

phase transformation from metastable hexagonal to stable crystalline form of poly(trans-1,4-

butadien). As the lamellar thickened, a transition from hexagonal phase to monoclinic form 

occurred [14]. A conformational energy model for poly(ethylene terephthalate) was set up by 

Hedenqvist et al. in 1998, which in molecular simulations indicated a metastable phase for the 

polymer [15].  

 

In 2002 Trasz et al. published a study on the influence of crystallisation conditions on the 

contact layer morphology of high-density polyethylene crystallized on graphite. They found 

that the morphology of the polyethylene contact layer consisted of striated, ribbonlike 

structures organized in domains in which the striations followed the same direction. It was 

suggested that the parallel alignment of the chains along one direction over large areas in 

many stacked lamellae might indicate the existence of a mobile hexagonal mesophase in the 

melt (at least on the graphite surface) before its crystallisation [16].  

 

Magonov et al. performed a similar study where they looked at the annealing of single 

crystals of polyethylene on graphite. Structural transformation was observed with increasing 

temperatures. Transformation began at the edges and in a few central locations of the crystals 

but spread as annealing temperatures increased. Annealing of re-crystallized polyethylene led 

to flattening and widening of the strands, which transformed into stacks of molecular ribbons. 

The researchers noted that the polyethylene crystallized and re-crystallized on graphite might 

be in the hexagonal phase – at least so far as this definition can be applied to molecular 

ordering within one or a few molecular layers [17].  

 

Recently a general model for polymer crystallisation including the presence of metastable 

phases has been suggested. In 2000 Strobl published a paper where he, based on experiments 

on several polymer systems, suggested a new model of polymer crystallisation where the 

formation and growth of the lamellar crystallites is considered a multi-step process involving 

intermediates. The initial step is suggested to always be the creation of a mesomorphic layer 
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that spontaneously thickens up to a critical value. The layer then solidifies through a 

cooperative structural transition and a granular crystalline layer is produced. In the last step 

this layer is transformed into homogeneous lamellar crystallites [18]. 

 

In 2007 Sirota published a paper building upon the work done by Strobl. Sirota argued that 

the granular structure of the crystal lamella in itself is a fingerprint of the transient mesophase 

into which a lamella originally grows, as well as its conversion to the stable crystalline form 

[19]. The year after Cheng published a work presenting a new theory building on previous 

experimental work. Cheng proposed the novel concept that there exists a wide range of 

metastable states in polymers on different length scales. The metastability is according to 

Cheng critically determined by the phase size and by the dimensionality [20]. That the 

transient state of a phase is strongly size dependent has also been argued for in an overview of 

the research field written by Rastogi [21]. 

 

2.3 Indications of metastable phases during PCL crystallisation 

The presence of metastable phases has also been suggested in early stages of PCL 

crystallisation. By using bright-field and dark-field diffraction contrast methods of 

transmission electron microscopy (TEM) Iwata et al. indicated in a paper published in 2002 

the existence of nanoscopic blocks (striations) in single crystals of PCL. It was shown that 

both tightly- and loosely chain packing regions exist in one lamellar crystal, supporting the 

idea that PCL lamellar crystals consist of nano-order micro-crystals. The existence of loosely 

chain-packing regions was indicated by observation of enzymatic degradation behavior [22].  

 

By performing diaelectric relaxation experiments Wurm et al. could in 2003 point to the 

presence of a pre-existing partly ordered phase in PCL. Due to low contrasts of scattering 

experiments, the evidence from such experiments indicating the formation of pre-ordered 

structures during polymer crystallisation is speculative. Relaxation experiments however 

probe motion in the sample and are independent on density contrast. As material is 

transformed from liquid to solid state during crystallisation, motions typical for a liquid 

become impossible in a crystal and do not longer contribute to the measured signal.  
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Pre-ordered structures are also expected to give rise to some changes in mobility because of 

the changes in conformation on pre-ordering. The experiments conducted by Wurm et al. 

during isothermal crystallisation of PCL indicated effects long before a change in crystallinity 

could be detected, which suggested the idea of pre-order in the polymer melt before crystal 

formation [23]. Previous studies thus point to PCL being an appropriate model for the studies 

of metastable phases during early stages of crystallisation.  

 

2.4 Confined space crystallisation of PCL  

Early metastable phases are inherently difficult to study due to their ephemeral nature. One 

way of “trapping” polymers in metastable phases, thereby allowing for detailed studies of 

these phases, might be crystallisation in confined environments. Núñez et al. have previously 

conducted studied on confined space crystallisation of PCL molecules. These studies focused 

on star-branched PCL samples. The crystallizing elements in the star-branched oligomers are 

fixed, slowing down crystal rearrangement and creating an innate confinement effect on 

crystallisation.  

 

It was found that the dendritic cores had a profound effect on the crystallisation of the linear 

PCL arms attached to them, leading to higher equilibrium melting point, moderately lower 

crystallinity, slower crystal rearrangement and a greater tendency to form spherulites in 

comparison with linear PCL. However the crystal phase after complete crystallisation was the 

same for star-branched and linear PCL samples [24-27].  

 

The current study has been inspired by the work done by Núñez, but has relied on a different 

form of innate physical confinement present in a set of PCL oligomers. The oligomers used in 

this study are all linear, but have different sets of end groups with various bulkiness and 

hydrogen bonding potential. The end groups present affect the aptitude of the oligomers to 

pack in ordered crystal structures. Also the lengths of the oligomers vary, which is useful 

since end group effects can be expected to more strongly affect shorter rather than longer 

molecules.  
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Lastly the samples have the, for linear oligomers, unique characteristics of being 

monodisperse. This allows for detailed analysis of crystallisation behavior. Similarly to the 

work done by Núñez, these studies have revealed a range of interesting findings relating to 

physical confinement. They have also revealed information regarding early phases of 

crystallisation.  
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3. Experimental 

 

3.1 Materials 

The PCL oligomers used in this study were synthesized by Kenichi Takizawa et al. through an 

exponential growth strategy. Synthesis was conducted using Benzyl (Bn) ester as the 

protective group of the carboxylic acid group and t-Butyldimethylsilyl (TBDMS) ether as the 

protective group of the hydroxyl group.  Since an inert atmosphere was not required for the 

reactions, a robust and efficient synthetic strategy could be developed resulting in strictly 

mono-disperse oligomers [28].  

 

The structures of the studied samples with different chain ends A and B and repeating units n 

are shown in Table 1. Linear PCL with Mn ≈ 10 000 and Mw ≈ 14 000 was supplied by 

Sigma-Aldrich. Samples were incorporated into 1.5 mm quartz capillary tubes supplied by 

Hampton Research before being analyzed by WAXS/SAXS. 

 

3.2 Melting analysis  

Thermal examinations of samples were performed isothermally and non-isothermally with a 

Mettler-Toledo differential scanning calorimetry (DSC) 820 apparatus. The thermal system 

apparatus utilized nitrogen as purge gas and had a cooling device. For each experiment 1.1 

±0.1 mg sample was used. Regular calibration was performed by measuring enthalpy of 

fusion and onset melting temperature of a pure Indium sample.  

 

3.3 Non-isothermal crystallisation 

All non-isothermal crystallisation experiments were conducted directly in the DSC oven. The 

samples were initially heated from starting temperature (Ts) to melting temperature (Tf) at 10 

K min-1. Melting temperature varied at ca 340-348 K for the various oligomers, being higher 

for the longer ones. Samples were held for 3 min at Tf to erase thermal history and 

subsequently cooled at various constant cooling rates. Thereafter, the samples were again 

heated from Ts to Tf, at various heating rates. Data collection occurred during the second 
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heating period and during the cooling period. Cooling rates varied between 0.5 – 30 K min-1 

whils heating rates varied between 0.5 – 70 K min-1. 

Table 1 Characterization of oligomers used in this study. 

Sample code A B N 

PCLn-P 

(”protected") 

TBDMSO Bn 2, 4, 8, 16, 32, 64 

PCLn-O 

(”oxygen”) 

OH Bn 2, 4, 8, 16, 32 

PCLn-C 

(”carboxyl”) 

TBDMSO H 2, 4, 8, 16, 32 

PCLn-unP 

(”unprotected”) 

OH H 32 

 

Structure of polymer backbone: 

 

A
O

O

B
n

 
 

Structure of Bn: 

*

 
 

Structure of TBDMSO: 

*

O

Si

 
 

 



1' 

 

3.3 Isothermal crystallisation 

Isothermal crystallisation experiments were conducted in order to attain samples for DSC 

analysis as well as for SAXS and WAXS analysis. Isothermal crystallisation experiments for 

DSC analysis were carried out in the DSC apparatus when crystallisation times were shorter 

than one day. Samples were heated from Ts to Tf at 10 K min-1 and subsequently held at Tf for 

3 min to erase thermal history. Thereafter, samples were cooled at 60 K min-1 to 

crystallisation temperature (Tc) and held for various crystallisation times (t).  

 

When crystallisation times were longer than one day, isothermal crystallisation for DSC 

samples were performed in temperature controlled ovens. The samples were tightly sealed in 

40 µL aluminum pans and melted in an oven for five minutes. Thereafter, the samples were 

immediately transformed to a second oven set at required Tc. After various periods of 

isothermal crystallisation, samples were quenched with liquid nitrogen.  

 

SAXS data were obtained through isothermal crystallisation in ovens as described above, the 

only difference being that samples were inserted in quartz tubes rather than aluminum pans 

and also quenched in ice water rather than liquid nitrogen. Isothermal crystallisation 

experiments for WASX analysis were conducted in oil baths held at constant temperatures. 

Samples were initially melted in one oil bath and thereafter transferred to a second oil bath 

and held there for various times (30 min, 1 h, 1 day or 5 days). The samples were 

subsequently quenched in ice water.  

 

WAXS data was also collected in situ, studying isothermal crystallisation without utilizing 

quenching. In these cases WAXS data was collected for samples at either 12s or 61s intervals 

whilst going from melt to crystallisation temperature and subsequently whilst isothermally 

remaining at crystallisation temperature. The experiments were performed at temperatures 

where the samples crystallized slowly, making it possible to focus on the early stages of 

crystallisation. Heating and spraying of liquid nitrogen allowed for temperature control.  
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3.4 SAXS measurements 

SAXS measurements were performed using a custom-built intermediate small angle 

diffractometer (2-circle) in the Materials Research Laboratory at UCSB, USA. The following 

specs were used: Bent graphite monochromator, Cu radiation at 1.54 Å, 0.8 mm x 0.8 mm 

beam size at sample position, 18 cm diameter Mar image plate detector, ~ 107 photons/second 

flux.  

 

3.5 WAXS measurements 

WAXS measurements were gathered with three different apparatus. Measurements of samples 

quenched after 30 min – 5 days were performed in the Materials Research Laboratory at 

UCSB, USA. A custom-built wide angle diffractometer (4-circle) with the following specs 

was used: OSMIC Confocal Maxflus focusing mirror monochromator, 1.0 mm x 1.0 mm 

beam size at sample position, Cu radiation at 1.54 Å, Mar image plate detector, ~ 108 

photons/second flux.  

 

In situ WAXS data with 61 s between each measurement were gathered in the Arrhenius 

Laboratory at the University of Stockholm, Sweden. An Oxford diffraction Xcalibur 3 X-ray 

device utilizing Mo radiation at 0.71 Å was used. Temperature control was achieved with 

sensitivity 0.1 K through heating and spraying of liquid nitrogen. Lastly, in situ WAXS data 

with 12 s between each measurement were gathered in Maxlab, Sweden. A synchotron 

radiation source with 0.908 Å wavelength was used in Maxlab. Temperatures were chosen 

where samples crystallized very slowly and temperature control with sensitivity 0.1 K was 

achieved through heating combined with spraying of liquid nitrogen. 
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4. Calculations and computer modeling 

 

4.1 Calculations 

Relative amounts of mass crystallinity (wc) for the samples were calculated based on DSC 

data according to Equation 1. The degree of crystallinity of the samples were affected by end 

groups. Bulky segments in the end groups likely do not crystallize, reducing the overall 

crystallinity of the oligomers. This phenomenon decreases in relevance for overall 

crystallinity as the number of repeating units in the PCL chains increase. In order to 

compensate for end group effects the mass crystallinity was studied as a function of the PCL 

backbone excluding end groups. Values of PCL mass crystallinity (wc-corrected) were therefore 

calculated by dividing wc with a correction factor representing the PCL weight fraction in the 

molecule, i.e. excluding the endgroups A and B.   

 

During calculations of wc and wc-corrected the following values were used: 0

m
T =356.7 K 

according to Núñez et al. [25], !
"

#
$
%

&' 0

m
TH = 135 J/g according to Crescenzi et al. [29] and values 

of Cpa(t) and Cpc(t) were given by ATHAS. Information regarding long periods (Lp) in 

various fractions were given by SAXS experiments. The thickness of the crystalline layers 

(Lc) were calculated by multiplying Lp with the percentage volumes of the crystalline parts 

(Vc). Vc was calculated according to Equation 2 based on values of amourphous and 

crystalline densities of PCL (
a

! and
c
! ). The values of 

a
! and

c
! were obtained from 

Crescenzi et al. [29] as 1.081 g/cm3 and 1.20 g/cm3 respectively.  

 

DSC and SAXS data were combined in order to calculate the surface energy !  according to 

Equation 3, where 0

m
T , !

"

#
$
%

&' 0

m
TH , 

c
!  and Lc were obtained as described previously and 

m
T  is 

measured as the melting point (Tf ) acquired from DSC data. 
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4.3 Unit cell determination  

Unit cell determination was performed with the help of collaborating researcher Professor 

Emeritus Per-Eric Werner at Stockholm University. Peak positions and peak intensities were 

determined using the program PFILM [30] and the unit cell was determined by the powder 

indexing program TREOR [31].  In the trial phase cell dimensions up to 150 Å were studied. 

 

4.2 Data modeling 

Models of 8-, 16- and 32-mers with various combinations of terminal groups were built in 

ChemBio3D Ultra. Energy minimization was performed in the same program. Each model 

underwent several thousand steps of mm2 energy minimization before reaching equilibrium 

where energy no longer could be reduced through further iterations. For each energy 

minimization experiment, 37 molecules were placed in a model representing single layer 

ordering. Typically, intermolecular distances were set to 5.0 x 7.5 Å and the molecules were 

ordered in zig-zag formation, approximating the unit cell determined experimentally for PCL 

by Bittiger et al. [32]. Modeling was performed both for systems where the molecules all had 

the same alignment and for systems where molecules had the opposite alignments compared 

to their closest neighbours.  
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5. Results and discussion 

 

5.1 Melting endotherms 

Very precise calorimetric data could be collected due to the monodisperse nature of the 

samples. It was shown that the different end groups present in the oligomers influenced 

thermal behavior for isothermally and nonisothermally crystallized samples. Not least did 

hydrogen bonding potential play an important role. The PCL4-O sample for example showed 

a melting behavior different from that of the other oligomers, starting to crystallize upon 

heating (Figure 1). The same was true for the PCL2-O sample, but not for longer samples with 

the –O combination of end groups. The latter observation is explained by end groups 

influencing overall molecular behavior more for shorter oligomers.   

 

PCLn-O samples had higher melting temperatures compared to PCLn-C and PCLn-P samples 

regardless of the value of n. The PCL32-unP sample had the highest melting temperature 

among the 32-mers (the –unP end group combination only existed for 32-mers). This follows 

expected behavior since both ends of the PCL32-unP oligomer can form hydrogen bonds. It 

could be expected that the PCLn-C samples would be easier to crystallize and would have a 

higher melting temperature than the PCLn-P samples, since the PCLn-C molecules can form 

hydrogen bonds at their carboxyl end. This was however not the case for shorter oligomers. 

For example, the PCL2-C sample could not be crystallized in the temperature range 203.15-

303.15 although the PCL2-O and the PCL2-P samples could. This likely depends on a 

distorting effect on crystallisation created by the combination of COOH and TBDMSO end 

groups present in PCLn-C samples. This effect is further discussed in section 5.3. 
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5.2 PCL mass crystallinity 

PCL mass crystallinity (wc-corrected) typically increased for samples as crystallisation 

temperatures (Tc) increased. At the same time longer crystallisation times (t) were required as 

Tc increased. For example, for the PCL32-C sample to reach a level of crystallisation at 322.15 

K comparable to at 311.15 K, t had to be increased by a factor of 32. In cases when 

compensations in increased t were not adequate, wc-corrected values decreased rather than 

increased with Tc as Tc became sufficiently high. For the shorter PCLn-O samples (n = 2, 4 

and 8) the observed values of wc-corrected were around and sometimes above 100 percents. This 

depends on hydrogen bonds increasing the value of fH!  measured by DSC, so that it 

becomes incomparable to the value of ! ""# $
%

&
'
(

)
0

1

)()(0 mT

T
cam dttCptCpTH  used to calculate wc-

corrected.  

 

As shown in Figure 2, values of wc-corrected  were highest for the shorter oligomers and only 

slowly decreased as the number of repeating units increased. As a comparison Núñez et al. 

found that the mass crystallinity of linear PCL decreased from around 60-80 percent for 20-

mers to ca 55-65 percent for 60-mers at 273 K. A linear decrease in wc with increasing 

oligomer length was shown [25]. The overall PCL crystallinity behavior observed in this work 

was similar for the longer oligomers. 
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5.3 End groups distort crystallisation 

By studying wc-corrected data it can readily be shown that the combination of the TBDMSO and 

COOH end group present in PCLn-C samples had a distorting effect on crystallisation. The 

PCL2-C sample was, as discussed in section 5.1, difficult to crystallize. For the PCL4-C 

sample the value of wc-corrected rapidly fell by almost a factor of ten going from 233.15 K to 

261.15 K. Such an effect could not be observed for either the PCL4-O or the PCL4-P samples 

(Figure 3). Similarly, the PCL8-C sample was hindered from crystallizing by increasing Tc in 

a clearly stronger way than the PCL8-O and the PCL8-P samples (Figure 4). This distorting 

effect decreased as the chain length was increased and couldnt be observed for the PCL16-C 

and PCL32-C samples (Figure 5 and 6 respectively).  
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Why does the combination of TBDMSO and COOH end groups hinder crystallisation for the 

PCLn-C samples? It can be expected that the bulky TBDMSO group would impede 

crystallisation. This is also confirmed by data simulations. But why would PCLn-C samples 

be hindered to a greater extent than the PCLn-P samples which combine the bulky TBDMSO 

end group with Bn, a second relatively bulky end group? A likely explanation can be given by 

lending the term “alternative cost” from the field of economics: 

  

The TBDMSO end groups are bulky and difficult to pack next to each other. Molecular chains 

must therefore shift in relation to each other in order to fit in an orderly structure. This would 

affect both the PCLn-C and the PCLn-P samples. For the PCLn-C samples, the shifting would 

reduce the possibility to form hydrogen bonds at the opposite ends of the chains. For the 

PCLn-P sample the shifting would similarly reduce the possibility to form orderly structures 

where end groups could interact “neck to neck”. This would however not reduce the energetic 

interactions considerably at the end with Bn groups. The Bn groups could form a relatively 

favorable interaction even if the chains were to be shifted in relation to each other, whilst 

hydrogen bonding at the COOH ends is strongly directional and distance related.  

 

The PCLn-C samples can also adopt to the bulkiness of TBDMSO end groups by arranging 

chains so that TBDMSO end groups are surrounded with COOH end groups and vice versus – 

contrary to an arrangement where TBDMSO end groups are placed at one end of the lamellae 

and COOH end groups are placed on the other side. This arrangement hinders formation of 

hydrogen bonds compared to the alternative structure where COOH end groups are 

surrounded by other COOH end groups. Both strategies to deal with the bulkiness of 

TBDMSO end groups would support experimental finding. Both also find support in 

computer simulations.  

 

For the shorter PCLn-C molecules, crystal formation could through the shifting at the 

TBDMSO ends become less favorable than the alternative to remain in an amourphous phase 

where hydrogen bonding would be possible. It is this alternative cost that hinders crystal 

formation for PCLn-C but not for PCLn-P molecules. Longer PCLn-C molecules have greater 
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ability to adjust their ordering (for example via chain folding) so that COOH ends can lie neck 

to neck although the TBDMSO ends cannot. This explains why longer PCLn-C oligomers 

were not impeded from crystallisation by their combination of end groups. 

 

5.4 Crystal ordering 

The X-ray scattering data collected in this work was very precise due to the monodispersity of 

the oligomers studied (very precise compared to typical X-ray scattering data for polymers). 

SAXS data showed that the surface energy varied between 42-74 mJ m-2 for the various 

samples, depending amongst other on end groups, number of folds and crystallisation 

temperature. For all studied samples an orderly lamellar crystal ordering was observed. An 

exception was the PCL8-O sample crystallized at 297.15 K, which not only exhibited lamellar 

ordering but also an additional likely rectangular or slanted ordering (Figure 7). The same 

sample only exhibited lamellar ordering when crystallized at 322.15 or at 325.15 K. The 

particular tendency of the PCL8-O oligomer to form novel structures is discussed further in 

section 5.5. Another exception was the PCL64-P sample, for which the rings observed in 

SAXS data were not symmetrical but rather indicated aligned ordering. The longer oligomer 

seems to have a greater ability to interact with the capillary walls, forming aligned structures.  

 

Chain folding was not observed for the 8-mers and increases from a highest folding of once 

for the 16-mers to a highest folding of twice for the 32-mers to a thrice-folding for the 64-mer 

(only one 64-mer existed in the study, the PCL64-P sample). This is consistent with the 

observation by Hoffman and Miller that short chains require a significantly higher 

undercooling to attain a specific number of folds per molecules compared to larger ones [9]. 

Lc values roughly increased linearly with Tc for 16- and 32-mers, disregarding the various end 

group combinations present. Non-folded but tilted structures, folded and tilted structures as 

well as partially folded structures were observed. The existence of this form of nonintegral 

folding chains finds support in previous works [33, 34].  
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5.5 Special structures formed by PCL8-O 

PCL8-O samples crystallized at different temperatures had unique packing characteristics. 

Crystallized at 297.15 K, the PCL8-O sample not only exhibited an additional ordering (see 

section 5.4), but also a crystallisation spacing longer than that of the entire molecule but 

shorter than twice the size of the molecule. This suggests that a structure was formed where 

oligomer chains were packed parallel but not aligned head to head with each other. 

Crystallized at 325.15 K the PCL8-O sample formed a typical non-folded pattern, with a tilt of 

33 ºC. At 322.15 K another unique structure was observed; as the molecules packed in a 

double layer.  

 

 

 

 

 

 

 

 

 

"ig% , EaH 2R STUS data from :;<)=O sample crystalliCed isothermally at 2*(.1& K. EbH <ogarithmic plot of 

intensity of the same sample. Qhree peaks of integral ordering can be seen at 0.('K 1.'1 and 2.44 inverse nm 

respectivelyK corresponding to a lamellar structure. T fourth peak can be observed at 1.1& nm and corresponds 

to an additional orderingK likely rectangular or slanted.  

 

It is interesting to note that the length of the crystalline segment at this temperature was twice 

that of the length of the entire molecule and not only twice the length of the PCL-chain part. 

This suggests that the end groups contributed to the length of the crystalline segment in this 

double layer, supporting the idea that the double layer was stabilized by hydrogen bonding of 

the OH ends. That the PCL8-O showed a strong tendency to form novel structures relates to 
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this being the shortest molecule with OH ends that was analyzed with SAXS/WAXS. That 

double layer formation occurred at a high temperature for the PCL8-O is in accordance with 

other studies showing that bilayers tend to form at high temperatures [35, 36]. 

 

5.6 Molecular packing  

As shown in Figure 8 for oligomers with the –P combination of end groups, WAXS 

measurements made it possible to study the position and shape of the 110 and 200 peaks. 

Interesting observations can be drawn from the location and shape of these peaks, since they 

represent molecular distances between the chains in a unit cell. High 2-theta values 

correspond to small distances and thus tight packing. All oligomers tended to pack in a similar 

unit cell, but some differences in unit cell packing relating to chain length and composition of 

end groups could be observed. Studying Figure 8 it becomes apparent that the 8-mer formed 

the least dense unit cell packing for oligomers with the –P combination of end groups, 

something that held for all studied temperatures. For molecules with the –O end groups 

however, the 8-mers tended to have the most dense packing. For oligomers with -C end 

groups the 8-mers had an intermediate packing whilst the 16-mers had the densest and the 32-

mers the least dense packing.  

 

How can this be explained? For the shorter 8-mer samples it seemed difficult to pack the 

bulky end groups (particularly the very bulky TBDMSO end group but also the somewhat 

bulky Bn end group) in a tight crystal structure. For longer oligomers this end group effect is 

better overcome. And so the PCL8-P sample formed less densely packed structures compared 

to longer oligomers with the –P combination of end groups. Molecules with the –O 

combination of end groups do contain a somewhat bulky end group (Bn) but are also strongly 

influenced by the hydrogen bonding potential of the OH end group. Energetically favorable 

hydrogen bonding led to the 8-mer, being more influenced by end group effects than longer 

oligomers, forming the tightest packing.  

 

It can thus readily be explained why the PCL8-O formed the tightest packing. Lastly, the 

oligomers with the –C combination of end groups have both the bulky TBDMSO end group 

and hydrogen bonding potential at the COOH end. It was the intermediate 16-mer that fitted 
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in the tightest packing for this combination of end groups, which most likely is explained by 

the 16-mer having the greatest ability to balance the effect of the two end groups (the bulky 

TBDMSO favoring loose packing and the hydrogen bonding COOH end group favoring tight 

packing).  

 

WAXS data also made it possible to compare peaks at low 2-theta intensities, which represent 

typical single layer lamellar ordering of the molecules. For molecules with –P end group 

combination it could be noted that the peaks at low 2-theta were much sharper for the 8-mers 

compared to the longer oligomers (Figure 8). This revealed that the 8-mers packed in much 

more orderly fashion. The same could be noted for the molecules with the –C end group 

combination but not with the –O end group combination. A likely explanation is that the 8-

mers typically pack in non-folded and highly ordered structures. The PCL8-O sample however 

losed some of this ordering due to the formation of strong hydrogen bonds (which can lead to 

the formation of unique formations as discussed in section 5.5). 
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5.7 Evolution of molecular packing with time 

Through WAXS studies the evolution of molecular packing with time could be followed. This 

was accomplished by looking at how the positions of the 110 and the 200 peaks shifted. Only 

small changes occurred for the various samples between the time interval first studied, where 

the shortest isothermal crystallisation time was 30 min and the longest 5 days. This indicated 

that the molecules arranged in a rather stable conformation during the first half hour of 
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crystallisation, in which they remained. It could however be observed that peaks were sharper 

for samples crystallized for longer periods of time, indicating that a greater level of ordering 

into the same crystal structure occurred during this timeframe.  

 

In order to capture the initial windows of crystallisation, in situ WAXS experiments from melt 

were performed. Whilst the molecules were going from melt to isothermal crystallisation with 

precise temperature control (+/- 0.1 K) WAXS data was collected each 61 s. Temperatures 

were chosen so as to follow slow processes of crystallisation for the various samples studied. 

Figure 9 shows the PCL8-O sample crystallized from melt at 308 K. It can from the position 

of the 110 and 200 peaks be concluded that the initial structure formed during the first 

seconds evolved into a more densely packed structure with time.  

 

WAXS curves were mathematically fitted in order to separate crystalline peaks from the 

amorphous background. Successful fits with two amorphous and six crystalline peaks could 

be performed for all in situ crystallized samples with s2 values typically in the range 0.015-

0.02. Within the first minute or so of crystallisation, samples were organized in crystal 

structures that did not significantly change in time in terms of peak shifting. The amorphous 

fractions were however shown to slightly reduce with time, again demonstrating the tendency 

of the molecules to form a greater level of ordering within the same crystal structure. 

Polydisperse PCL polymer without any particular end groups showed similar behavior.  
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In order to further narrow the focus on the early stages of crystallisation, additional in situ 

WAXS studies were performed using a synchrotron radiation beam. Measurements were 

taken with only 12s intervals whilst going from melt to isothermal crystallisation, again with 

exact temperature control. Even higher crystallisation temperatures than before were selected 

to slow down the process of crystallisation. Figure 10 shows the PCL8-O sample crystallizing 

from melt at 317 K whilst Figure 11 shows the PCL16-P oligomer crystallizing from melt at 

300 K. Significant repacking arrangements can be observed, particularly for the 16-P sample:  

 

The 110 peak compressed from 4.14 Å at 12 s to 4.12 Å at 60s, then expanded to 4.19 Å at 72 

s, again compressed to 4.14 Å at 96 s and lastly again expanded to 4.18 Å at 300 s. The 

packing of the 200 peak followed the same trend. The peak compressed from 3.74 Å at 12 s to 

3.71 Å at 60 s, expanded to 4.15 Å at 72 s, compressed to 3.74 Å at 96 s and finally expanded 

to 3.77 Å at 300 s. Between 60 and 72 s, the packing distance for the 200 peak expanded by 

fully 12 percent! The PCL8-O sample (Figure 10) seemed to pack in an ordered structure 

much more directly than the PCL16-P sample (Figure 11), which is explained by the PCL8-O 

molecule being shorter, having energetically favorable (and strongly directional and length 

dependent) hydrogen bonds and lacking the bulky TBDMSO end group. It cannot however be 

concluded if the early structures demonstrated to exist represented a metastable phase or not. 

Another plausible explanation is that the early structures represented distorted orthorhombic 

phases.

5 10 15 20

melt

12s

60s

72s

84s

96s

120s

300s

180s

2 theta  

 

 

"ig% &/ :;<)=O sample crystalliCed from melt at $1( 

KK various times after start of crystallisationK 0.*0) 
V beam. Qhe main peaks to the left are the 110 

peaksK Mhilst the main peaks to the right are the 
200 peaks. 



$1 

 

5 10 15 20

melt

12s

60s

48s

72s

96s

120s

180s

300s

2 theta  

 

 

"ig% && :;<1'=: sample crystalliCed from melt at $00 
KK various times after start of crystallisationK 0.*0) 

V beam. Qhe main peaks to the left are the 110 
peaksK Mhilst the main peaks to the right are the 
200 peaks. 

 

5.8 Unit cell determination for PCL8-C 

A detailed unit cell determination was performed for the PCl8-C sample crystallized for 5 

days at 312.15 K. WAXS analysis of the sample featured nine peaks which were dependent 

on one very long cell dimension. The ten remaining peaks could be indexed by a tetragonal 

unit cell. The cell dimensions were a = b = 6.34 Å and c = 83.04 Å, with c being the long cell 

dimension representing the entire length of the packed molecule. The unit cell volume was 

3337 Å3.  

 

The cell seems to contain 4 oligomer molecules showing four-fold symmetry as expected 

from all possible tetragonal space groups.  As a comparison Chatani et al. reported in 1970 

that linear PCL polymers (without special end groups) packed in an orthorhombic unit cell 

with the parameters a = 7.47, b = 4.98 and c = 17.05 Å [37]. Birgitter et al. the same year 

reported an identical space group with essentially the same packing (but with a planar zig-zag 

conformation), concluding that the unit cell parameters were a = 7.50, b = 4.97 and c = 17.30 

Å [32].  
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5.9 Data modeling results 

A wide range of computer modeling experiments were performed which examined molecular 

packing behaviour. These studies supported experimental findings that it is difficult to fit the 

strongly bulky TBDMSO group in orderly structures. Modeling studies showed that 

molecules can adopt three different strategies to pack bulky end groups during energy 

minimization. The first two strategies are shown in Figure 12 and 13 for a model where 16 

PCL8-P oligomers were initially placed in slightly disordered, bended, alignment. All 

molecules had the same alignment, i.e. were not placed according to the zig-zag unit cell. This 

packing was chosen to have the molecules less locked in the starting condition compared to 

when placed in a straight line along the c-axis and in a tightly packed zig-zag unit cell 

conformation.  

 

Strategy 1: The end groups move to the vacant spaces in the model. This is clearly seen when 

focusing on the two end groups in Figure 12.  

Strategy 2: The PCL chains move closer together during the minimization step, which can 

clearly be seen in Figure 13. The bulky end groups however have difficulty fitting into a 

tightly packed structure. The molecules maximize energy by shifting along their c-axis, so the 

end groups do not lie directly on top of each other. Shifting leads to overall less energetically 

favourable interaction between molecular chains, but diminishes tension from having bulky 

end groups too close to each other. Note in Figure 13 that already when placing the molecules 

in the starting positions, it was important to align the molecules so that their end groups where 

not on top of each other. Note also how this form of shifting at one end could impede 

formation of hydrogen ends on the other end (relating to the discussion in section 5.3).  

Strategy 3: The PCL chains do not pack in a conformation where “A” end groups are all 

placed on one end of the crystal lamellae and “B” end groups are placed at the opposite end, 

but rather in a conformation where each A end group is surrounded by B end groups and vice 

versus. This strategy was shown to be more energetically favourable for PCLn-C and PCLn-P 

oligomers containing the TBDMSO end group. The strategy of packing all A end groups at 

one side and all B end groups at the other was however more energetically favourable for the 

PCLn-O oligomers - not containing the bulky TBDMSO end group and having the ability to 

form hydrogen bonds when OH end groups are focused at one end.  
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It is very likely that strategy 2 and 3 are the main strategies which the molecules rely on in 

reality. In the real world, contrary to in the computer model, there is no (or very limited) 

“empty space” which the end groups can move into, which hinders strategy 1. It is not trivial 

to based on present data conclude when molecules pack according to strategy 2 and when they 

pack according to strategy 3.  

 

 

 

 

 

 

 

"ig% &' ;hemWio$R Xltra modeling of 1' :;<)=: samples after energy minimiCation. Qhe molecules Mere placed 
in a disordered bended alignment before undergoing energy minimiCation. Qhe model is shoMn from the 

perspective of the QWR,SO end group to the left Enote the blue Si molecules in the centre of the QWR,SO end 
groupsH and from the perspective of the Wn end groups to the right Enote the grey benCene groupsH.  

 

"ig% &( ;hemWio$R Xltra modeling of 1' :;<)=: samples before Eleft imageH and after Eright imageH energy 
minimiCation. Qhe molecules Mere placed in a disordered bended alignment before undergoing energy 

minimiCation. 
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6. Conclusions 

 

The goal of the project was to explore innate confinement effects arising due to bulky end 

groups as a route to confined space crystallisation; a goal which was successfully reached.  

Crystalline characteristics such as degree of crystallinity, long period, crystal thickness, 

melting behavior and surface energy were all shown to depend considerably on end group 

conformation and chain length. This was particularly true for shorter oligomers, where the 

presence of bulky end groups at one end of the chain could impede hydrogen bond formation 

on the other end. Computer modeling results regarding strategies used by molecules to deal 

with bulky end groups supported experimental findings.  

 

Confined space crystallisation is an interesting tool for the study of early phases of 

crystallisation. In this work, it was shown that innate confinement effects arising due to bulky 

end groups significantly affected early packing behavior. In order to observe the early packing 

characteristics, the window of focus had to be zoomed on to the first few seconds and minutes 

of very slow crystallisation. Obtained data indicated that the crystal unit cell was distorted at 

the initial stages of crystallisation and changed rapidly during expansion and compression 

cycles. It cannot be concluded whether the initial stages of stem packing arose due to the 

existence of metastable phases or the existence of highly distorted orthorhombic phases.  

 

Detailed studies on the monodisperse samples also led to other interesting insights, such as 

how the presence of hydrogen bonding end groups made formation of double layered 

structures and additional crystal ordering possible. 
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7. Continuation of project 

 

The potential of confined space crystallisation for studies of early phases has been 

investigated in this work, based on innate confinement effects arising due to end group 

conformation. Ongoing continuation work aims to explore two other routes to confined space 

crystallization:  

 

1. Crystallisation of PCL contained in nanoporous silicate structures, representing a 

three-dimensional confinement of the polymers.  

 

2. Confinement effects arising due to very rapid crystallisation of molecules sprayed on a 

surface. This study is built on dissolving PCL molecules in supercritical carbon 

dioxide and spraying the solution on a surface through the Rapid Expansion of 

Supercritical Solutions (RESS) process. It is hoped that the molecules crystallise 

almost instantly due to the very rapid vaporization of supercritical carbon dioxide in 

normal atmospheric environment. If this is the case, PCL chains in each single droplet 

will crystallize more or less independently of chains in the other droplets, creating a 

confinement effect. 
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