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ABSTRACT

The knowledge regarding early stages in polymer crystallisation remains
inconclusive due to experimental limitations. The reason is that the initially formed
polymer crystals rearrange rapidly at the crystallisation temperature. Faster
experimental techniques or simulation would be suitable alternatives to approach the
problem. Another possibility would be to use constrained polymer structures, in
which crystal rearrangement would be slower. Star polymers with crystallisable arms
may be structures sufficiently constrained to be captured in their early crystallisation
stages.

This study reports the crystallisation behaviour of linear poly(ε-caprolactone)
(PCL) and star polymers based on dendritic cores with grafted PCL arms. Wide angle
X-ray scattering proved that the crystal structures of the different polymers were the
same. The samples were also studied by differential scanning calorimetry, finding that
the star PCL’s had lower crystallinity, lower rate of crystal rearrangement and higher
equilibrium melting point than the linear analogues. Polarized optical microscopy
showed that the star polymers crystallized slower and had greater tendency to form
spherulites and higher fold surface free energy than linear PCL. The single crystal
morphology was more irregular in the star polymers as observed by transmission
electron microscopy.

These findings confirm the constraining effect of the dendritic cores in the
crystallisation of the PCL arms, which retard molecular rearrangement during
crystallisation and turn the studied star polymers into excellent candidates to
investigate the early stages in polymer crystallisation.
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SAMMANFATTNING

Kunskapen om vad som sker under de första stadierna av polymerers kristallisation
har förblivit ofullständig. Orsaken är att de kristaller som bildas initialt, omarrangeras
snabbt vid kristallisationstemperaturen. Snabbare experimentella tekniker samt
simulering skulle kunna vara lämpliga alternativ till att studera det tidiga
kristallisationsförloppet. En annan möjlighet till att studera detta fenomen vore att
använda hindrade polymerstrukturer, i vilka omarrangeringarna i kristallen sker
långsammare. Stjärnformade polymerer med kristalliserbara armar kan visa sig vara
strukturer med en tillräckligt hög grad av steriskt hinder för att kunna studeras under
de första kristallisationsstegen.

Detta arbete redovisar kristallisationsbeteendet av linjär poly(ε-kaprolakton) (PCL)
samt stjärnpolymerer baserade på dendritiska kärnor och ympade PCL-armar.
Vidvinkelljusspridning med röntgenstrålning (WAXS) visade att kristallstrukturen
hos de undersökta polymererna var densamma. Kalorimetriska (DSC) studier visade
att stjärnformad PCL hade lägre kristallinitet, lägre omarrangeringshastighet samt
högre jämviktssmaältpunkt än sin linjära motsvarighet.  Optisk mikroskopi med
polariserat ljus visade att de stjärnformiga polymererna kristalliserade långsammare,
visade en större benägenhet att forma sferuliter och hade högre ytenergi för den
veckade ytan än de linjära. Transmissionselekronspektroskopi användes för att visa att
singelkristall-morfologin var mer oregelbunden hos stjärnpolymerer än hos linjär
PCL.

Dessa resultat bekräftar att den dendritiska kärnan utgör ett steriskt hinder i PCL-
armarna som hämmar kristallomarrangeringar under kristallisationen, vilket gör de
undersökta stjärnpolymererna till lämpliga kandidater till att studera de tidiga
stadierna hos polymerers kristallisation.

Nyckelord: Sjärnpolymer; Poly(ε-kaprolakton); Krystallisation.





TABLE OF CONTENTS

1. INTRODUCTION..................................................................................................................................... 1

1.1. PURPOSE OF THE STUDY ............................................................................................................. 1
1.2. POLYMER CRYSTALLISATION ................................................................................................... 1

1.2.1. Background: Discovery of Chain Folding................................................................................. 1
1.2.2. Crystal Unit Cell ......................................................................................................................... 2
1.2.3. Morphology: Crystal Lamella and Development of Superstructures ....................................... 3
1.2.4. Crystal Thickening and the Equilibrium Crystal....................................................................... 5
1.2.5. Crystallisation Kinetics .............................................................................................................. 9
1.2.6. Initial Stages in Polymer Crystallisation ................................................................................. 10

1.3. STAR POLYMERS WITH CRYSTALLISABLE ARMS ............................................................. 10
1.4. POLY(ε-CAPROLACTONE).......................................................................................................... 11

2. EXPERIMENTAL.................................................................................................................................. 14

2.1. MATERIALS.................................................................................................................................... 14
2.2. TECHNIQUES.................................................................................................................................. 16

2.2.1. Wide Angle X-ray Scattering (WAXS)...................................................................................... 16
2.2.2. Differential Scanning Calorimetry (DSC) ............................................................................... 16
2.2.3. Polarized Optical Microscopy (POM)..................................................................................... 17
2.2.4. Transmission Electron Microscopy (TEM).............................................................................. 17

3. RESULTS AND DISCUSSION............................................................................................................. 19

3.1. CRYSTAL UNIT CELL................................................................................................................... 19
3.2. DEGREE OF CRYSTALLINITY.................................................................................................... 19
3.3. CRYSTAL REARRANGEMENT................................................................................................... 22
3.4. EQUILIBRIUM MELTING POINT................................................................................................ 24

3.4.1. Assessment of the Equilibrium Melting Point.......................................................................... 24
3.4.2. Extrapolation of the Equilibrium Melting Point to Infinite Molar Mass................................ 27

3.5. MORPHOLOGY OF SUPERSTRUCTURES ................................................................................ 31
3.6. CRYSTALLISATION KINETICS .................................................................................................. 33
3.7. SINGLE CRYSTAL MORPHOLOGY ........................................................................................... 40

5. CONCLUSIONS ..................................................................................................................................... 47

6. SUGGESTIONS FOR FUTURE WORK............................................................................................ 49

7. ACKNOWLEDGEMENTS ................................................................................................................... 50

8. REFERENCES........................................................................................................................................ 52



- Introduction -



- Introduction -

1

1. INTRODUCTION

1.1. PURPOSE OF THE STUDY

The problem concerning the early stages in polymer crystallisation is still
unsolved. The prevailing picture of polymer crystallisation is based on observations
made on mature crystals by electron microscopy and other slow techniques.
Constrained polymer structures may retard crystal rearrangement, allowing the initial
crystals to be sufficiently long-lived to be captured by electron microscopy and
certainly by fast techniques such as synchrotron X-ray diffraction. In this work, the
crystallisation behaviour of a series of star polyesters with dendritic cores and
crystallisable poly(ε-caprolactone) arms was studied. The goal is to investigate the
constraining effect of the dendritic cores in the crystallisation of the PCL arms and
prove the suitability of the materials to study the early stages of polymer
crystallisation.

1.2. POLYMER CRYSTALLISATION

1.2.1. Background: Discovery of Chain Folding

It was known from early X-ray diffraction studies that polymers were partly
crystalline. The first view of polymer crystals was that they were fringed micelles [1].
According to this model, there is a random dispersion of 10 nm long crystallites and
amorphous regions (Fig. 1a). The fringed micelle model is not compatible with the
observation of spherulites with spherically symmetrical distribution of crystalline
lamellae. The modern view of chain folding (Fig 1b) was introduced by Storks [1],
but his proposal went unnoticed by the scientific community until Keller [2], Till [3]
and Fischer [4] reported independently on polyethylene single crystals grown from
solution. The crystals consisted of 10-20 nm thick platelets with regular boundaries.
Electron diffraction showed that the chain direction was perpendicular to the lamellar
surface and since the lamellar thickness was much smaller than the length of the
polymer chains, Keller concluded that the polymer molecules in the polymer crystals
had to be folded back upon themselves [2]. Adjacent re-entry has been generally
confirmed for single crystals by small-angle neutron scattering and infrared
spectroscopy. However, bulk crystallised polymers exhibit a much more complicated
situation. In the switchboard model [5] the chains do not have to re-enter into the
lamellae by regular folding, but rather re-enter more or less randomly (Fig. 1c).
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Fig. 1. Schematic illustrations of: (a) the fringed micelle model; (b) the folded
chain crystal, showing adjacent re-entry; (c) the switchboard model.

1.2.2. Crystal Unit Cell

The unit cell of a crystal is defined as the smallest, regularly repeating material
portion contained in a parallelepiped from which the crystal is formed by parallel
displacements in three dimensions. Unlike in the case of low molar mass substances,
the unit cell of polymer crystals usually comprises only parts of the polymer
molecules and the regularity of the periodic repetition may be imperfect. In the case
of parallel-chain crystals, the chain axis is usually denoted by c. The orthorhombic
unit cell structure of polyethylene is showed in Fig. 2.

Fig. 2.  Orthorhombic unit cell of polyethylene. To the left: perspective view.
To the right: view along c (chain axis).

a b c
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The structure of the unit cell of a polymer and its dimensions can be obtained by
diffraction techniques (X-ray or electron) and by vibrational spectroscopy (IR or
Raman). The presence of molecular defects or short branches in the polymer chains
may cause an expansion of the unit cell along the a and b dimensions. Larger pendant
groups will be confined to the amorphous phase and the unit cell dimensions will
remain unchanged.

1.2.3. Morphology: Crystal Lamella and Development of Superstructures

Single lamellar crystals grown from dilute solution have become a useful tool to
study polymer crystallisation, being a first rate material in the analysis of the unit cell
crystal structure. Polymer single crystals often exhibit different shapes depending on
the crystallization temperature and solvent used. Sectorization, non-planar structures,
curved growth faces and multilayer crystals with a central screw dislocation are
common features seen in polymer single crystals. Fig. 3 shows a schematic
representation of the structure of a polyethylene single crystal.

Fig. 3. Schematic representation of a polyethylene single crystal.

The chain folded lamella is also the building block of melt-crystallised polymers.
When polymer samples are crystallised from the bulk, the most common of the
observed structures are the spherulites (Fig. 4). Electron microscopy examination
shows that the spherulites are composed of stacks of individual lamellae of similar
thickness and slightly diverging. X-ray microdiffraction and electron diffraction
examination of the spherulites indicate that the c axis of the crystals is oriented
tangentially to the radial (growth direction) of the spherulites.
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The c axis is perpendicular to the lamellae flat surfaces, showing the resemblance
to single crystal structures.

Fig. 4. Model of spherulitic structure. After Boyd et al. [6].

In order to obtain a spherical-shaped superstructure from planar lamellae, a
mechanism for branching and splaying of the lamellae has to be available. Lamellar
branching is produced by screw dislocations, which generate two lamellar branches
from the mother crystal. To explain the splaying of branching lamella, Bassett et al.
[7] proposed that during the process of attachment of stems to the growth surface of a
growing crystal, the remaining un-crystallised  part of a single chain is in the form of
a cilium. The ensemble of cilia in the vicinity of the contact point should generate a
positive internal pressure that makes the crystal arms to diverge. If the degree of
branching of the growing lamellae is low, the superstructure obtained will be different
from spherical (axialites). Fig. 5 shows schematically the mechanism of branching
and splaying of lamella by ciliation in the formation of spherulites.
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Fig. 5. Mechanism of spherulite formation by branching and splaying of the
lamellae by ciliation.

1.2.4. Crystal Thickening and the Equilibrium Crystal

The equilibrium shape of a crystal can be calculated from the surface energies by
searching for the energy minimum at a given crystal volume. Because of kinetic
reasons, crystal lamellae are far from the equilibrium shape. In the case of
polyethylene (PE), the thickness of the equilibrium crystal is approximately seven
times its width, but in real PE lamellar crystals this ratio is much smaller (10-2 to 10-3)
[8]. Crystals with this unfavourable thickness-to-width ratio are expected to rearrange
when given enough thermal stimulation. In fact, polymer crystals change shape with
time at temperatures between the crystallisation temperature and the melting point.
This process is commonly referred to as crystal thickening because the major effect is
that the crystals increase their dimensions along the c axis (Fig. 6).

Fig. 6. Mechanism of crystal thickening.
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The melting temperature (
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Tm ) of the majority of lamellar crystals is depressed
below the equilibrium melting point (

€ 

Tm
0), i.e. the melting temperature of infinitely

thick crystals. The assessment of the equilibrium melting point is of major importance
since it is a central parameter in most crystallisation theories.

- The Thomson-Gibbs equation

The equilibrium melting point of a polymer is seldom measured directly. In many
cases the equilibrium melting point is obtained by extrapolation of melting point data
(Tm) of polymer crystals of finite crystal thickness (Lc). The Thomson-Gibbs equation
relates melting point with lamellar thickness. The negligible contribution from the
lateral surfaces to the stability of polymer crystals is the basic assumption underlying
the Thomson-Gibbs equation:

(1)

where σ is the specific surface free energy of the fold surface and ∆h0 is the heat of
fusion at the equilibrium melting point. Extrapolation of Tm-Lc

-1 data to L c
-1=0

according to Eq. (1) yields the equilibrium melting point provided that a number of
requirements are fulfilled [8].

- Linear and non-linear extrapolation of Tm vs. Tc data

Hoffman and Weeks [9] proposed a method based on the linear correlation
between melting point and crystallisation temperature:

(2)

where β is the crystal thickening factor (

€ 

β = Lc Lc
* ), where 

€ 

Lc
*  is the thickness of the

virgin crystal with the melting point equal to the crystallisation temperature.
According to Eq. (2), the equilibrium melting point is obtained by extrapolation of
Tm-Tc data to Tm=Tc, provided that β is constant between the different samples used for
extrapolation. Eq. (2) is approximately valid provided that the stability of the first
formed crystal is just slightly greater than the minimum requirement, i.e.

€ 

Lc
* = Lc,min + δLc ≈ Lc,min , where Lc,min is the minimum crystal thickness corresponding
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to a melting point equal to the crystallisation temperature. Strobl et al. [10] raised
serious doubts about the validity of the Hoffman-Weeks method by showing that the
extrapolated equality Tm=Tc occurred at a finite crystal thickness of several
semicrystalline polymers. Data on linear polyethylene [11] and poly(ethylene oxide)
[12] showed that the thickness of the virgin crystals exceeds the minimum thickness
by a more significant δLc value, 4-5 nm. This gives the Tm-Tc relationship a curvature,
which is often seen in practice. The non-linear correlation between melting point and
crystallisation temperature is:

(3)

The equilibrium melting point can be obtained by implicit solution of Eq. (3). The
importance of a significant δLc term on the Tm–Tc curvature and the tendency for
underestimation of the equilibrium melting point by rectilinear extrapolation of Tm–Tc

curvature was recognized in the comprehensive study of Marand et al. [13].

- Extrapolation of 

€ 

Tm
0  data of low molar mass compounds to n=∞

Another class of methods uses equilibrium melting point data of oligomers with n
repeating units with the same crystal unit cell structure as the polymer by
extrapolation to n  ∞ [14-16]. The equilibrium melting point of oligomers and some
low molar mass polymers can in some cases be determined directly by melting of
extended-chain crystals grown at high temperatures. Extrapolation of Tm-Tc data to
Tm=Tc in order to obtain the equilibrium melting point is not strictly valid because the
relation δLc<<Lc,max (Lc,max is the length of the extended chain, i.e. maximum crystal
thickness) does not hold. However, the equilibrium melting point of the finite sized
system can be obtained by assuming that the relationship Lc=Lc,min+δLc holds with a
constant δLc independent of crystallisation temperature. The difference (∆T) between
melting point and crystallisation temperature for the equilibrium crystal with the
thickness Lc,max can be estimated from the Thomson-Gibbs equation according to:

(4)
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where 

€ 

Tm
0 n→∞( )  is the equilibrium melting point of a polymer with infinite molar

mass. The equilibrium melting point is thus obtained at the point where the fitted
curve according to Eq. (3) deviates from Tm=Tc line by ∆T. The temperature at which
the curve obtained by fitting of Eq. (3) intersects the Tm=Tc line is referred to as the
calculated equilibrium melting point.

One of the established methods to determine the equilibrium melting point of a
polymer of infinite molar mass is to extrapolate melting point data of extended-chain
crystals of oligomers showing the same crystal packing as the polymer to infinite
molar mass. A prerequisite of the method is that no intermediate phases exist.
Extrapolation methods have been proposed by Broadhurst [14,15], Eq. (5) and Flory
and Vrij [16], Eq. (6):

(5)

where a  and b  are constants to be adjusted in the fit of the equation to the
experimental data.

(6)

where ∆Cp is the difference in specific heat between the amorphous and crystalline
polymer, ∆se and ∆he are the end-group contributions to entropy and enthalpy changes
at the melting point. Hay [17] showed that Eq. (6) could be simplified to:

(7)

where ∆h0 is the heat of fusion per mole repeating units. Eq. (6) predicts that the
equilibrium melting point is obtained as the intercept in a plot of Tm versus ln n/n.
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1.2.5. Crystallisation Kinetics

Crystallisation rates may be observed microscopically, by measuring the growth of
spherulites under isothermal conditions as a function of time. The spherulite radius
usually increases linearly with time and the growth rate goes through a maximum as
the temperature of crystallisation is lowered. These experimental findings form the
basis for the crystallisation kinetics theories, including the Lauritzen-Hoffman theory
[18], which is used in this study. The LH theory provides expressions for the linear
growth rate (G) as a function of degree of supercooling (

€ 

ΔT = Tm
0 −Tc ):

(8)

where β is a parameter that describes the diffusion of the crystallisable units to the
crystal surface and Kg is a nucleation parameter, which in the Lauritzen-Hoffman
treatment is proportional to the product of the surface energies of the fold surface (σ)
and the lateral surface (σL) of the crystals. In most practical cases, variations in Kg are
linearly related to the variations of σ.

Three regimes of crystallisation are defined in the LH theory (Fig. 7). In Regime I,
the lateral growth rate is significantly greater than the rate of formation of the
secondary nuclei. The secondary nucleation step controls the linear growth rate.
Regime II growth occurs by multiple nucleation. Secondary nucleation rate is greater
than lateral growth. Finally, Regime III occurs by prolific multiple nucleation and the
crystallisation rate is very rapid. Plots of 

€ 

logG( ) /β  vs. 

€ 

1/TcΔT  according to Eq. (8)
give straight lines with change in the slope coefficients corresponding to the different
crystallisation regimes. The transition from Regime I to Regime II has been
associated to a change in supermolecular structure from axialitic to spherulitic [18].

Fig. 6. Growth rate regimes according to the LH theory.
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1.2.6. Initial Stages in Polymer Crystallisation

One of the unsolved questions in polymer crystallisation is related to the initial
stages. Polymer crystals do not attain the equilibrium shape and therefore they
rearrange at the crystallisation temperature. Observations made by electron
microscopy and by most diffraction techniques concern mature crystals due to the
slow sample preparation and measurement involved. The possibility of intermediate
phases between the molten and crystalline state has been discussed [19], but the
experimental proof is still inconclusive.

Three different strategies may be used to reveal the initial stages of crystallisation:
(i) simulation [20], (ii) ‘fast’ techniques such as synchrotron X-ray scattering [21] and
(iii) using structurally constrained polymer structures. With the last strategy, crystal
rearrangement could be inhibited or at least retarded, providing time to record the
initial stages of crystallisation. If this were accomplished, the initial stages of
crystallisation would be revealed even using ‘slow’ techniques such as electron
microscopy. Synchrotron techniques should obviously be even more effective in
revealing the initial (or intermediate) crystal phase and crystal thickness in these more
stable systems.

Star polymers consisting of a central core linking together several linear polymer
chains could be structures with a sufficient constrain to retard crystal rearrangement
and reveal the early crystallisation stages.

1.3. STAR POLYMERS WITH CRYSTALLISABLE ARMS

A star polymer consists of a core molecule onto which three or more linear
polymers are attached to or grown from. The core, as in the present study, can be a
dendritic molecule based on ABx (x≥2) monomer. Dendritic molecules include
dendrimers and hyperbranched polymers. Dendrimers are highly ordered and display
a perfect branching geometry, while hyperbranched polymers exhibit an irregular
architecture with incompletely reacted branch points throughout the structure. Both
dendrimers and hyperbranched polymers are usually unable to crystallize because of
their highly branched structure. However, crystallisation may be obtained by the
attachment of long linear chains to the branched molecular scaffold. The attachment
of the crystallisable units to the rigid, non-crystallisable core is expected to have
profound effects on their crystallisation and on the crystalline morphology.

Semicrystalline star polymers have received only moderate attention [22-32].
Floudas et al. [28] reported on the crystallisation of 3-armed star polymers with
polystyrene, poly(ethylene oxide) (PEO) and poly(ε-caprolactone) (PCL) arms.  The
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crystallinity, long period, equilibrium melting point and lamellar thickness were
reduced in the stars compared to the homopolymers of PEO and PCL. Haigh et al.
[29] found that the overall crystallisation rate decreases from a linear to a star PE, but
found no major differences in the supermolecular structures of the different samples.
Chen et al. [30] reported on crystallisation of star polymers with 4-sulfonic
calix[n]arene cores and PEO-NH2 arms. The cores were excluded from the crystal
lattice and resided in the interlamellar amorphous regions. The crystallinity, crystal
thickness and melting point were depressed in the star polymers with relation to the
linear homopolymers. In the results presented by Kim et al. [31], star-shaped poly(L-
lactic acid) exhibited lower crystallisation rate than the linear analogue. The
crystalline structures were the same in both polymers. Klok et al. [32] performed X-
ray scattering experiments in star shaped PCL and found larger spacings and lower
crystallinity in the star polymers than in the linear samples.  Risch et al. [27] reported
that the crystallisation half-time of star polyamide-6 was less than that of linear
polyamide-6 of comparable molar mass at the same degree of supercooling. The
superstructure appeared to be unaffected by the molecular architecture, whereas the
fine lamellar structure was more irregular in the star polymers than in the linear
polymers. The equilibrium melting point decreased with increasing branch-point
functionality, and attributed this to a lower enthalpy of fusion of the star-branched
polymers.

1.4. POLY(ε-CAPROLACTONE)

Poly(ε-caprolactone) (PCL), prepared by ring opening polymerisation of ε-
caprolactone, is a highly crystalline polymer. The crystal unit cell of linear PCL
resembles to some extent that of polyethylene: the lateral packing of the chains is very
similar and the sub-cell is orthorhombic with the space group P212121 [33,34]. Chatani
et al. [34] were first to determine the crystal structure by X-ray. The resulting unit cell
dimensions were: a = 0.747 nm, b = 0.498 nm, and c = 1.705 nm (orthorhombic sub-
cell). The crystalline stem was assumed to be slightly twisted to account for the c
spacing obtained. The PCL unit cell was found, by Bittiger et al. [33], to be
orthorhombic with dimensions: a = 0.7496 nm, b = 0.4974 nm, and c = 1.7297 nm.
They proposed that the chain conformation of the crystalline stem was all-trans with
two repeating units included in the sub-cell along c. The ester groups of the chains
come to lie in planes perpendicular to the c axis. Later work by Hu and Dorset [35]
using electron diffraction showed that the crystalline stem had to be slightly twisted
along c, confirming the assumption made by Chatani et al. [34]. The dimensions of
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the orthorhombic cell at room temperature were according to this study: a = 0.748
nm, b = 0.498 nm, and c = 1.726 nm.

Thermodynamic data relating to the melting of linear PCL were reported by
Crescenzi et al. [36]: they found that the equilibrium melting point (

€ 

Tm
0) of high molar

mass linear PCL was 336 K, and the heat of fusion at that temperature was
determined to 135 J g-1. Phillips et al. [37,38] studied more extensively the
crystallisation and melting behaviour of linear PCL. They reported 

€ 

Tm
0  data obtained

by the Hoffman-Weeks method in the range 341-343.5 K depending on molar mass.
They also reported spherulite growth rate data obeying a single crystallisation regime
(Regime II) according to the LH theory and yielding a fold surface free energy of ~90
mJ m-2 and isothermal data on crystal thickening. Strobl et al. [10] found for linear
PCL, that the intersection of melting point vs. reciprocal crystal thickness and
crystallisation temperature vs. reciprocal crystal thickness appeared at a finite crystal
thickness and not as expected at near-infinite crystal thickness. The studies performed
by Strobl et al. [10] reported an equilibrium melting point near 370 K, and a very low
fold surface free energy (σ ~ 60 mJ m-2). Nojima et al. [39] reported for linear PCL a
maximum 30% increase in the long period during 2 K min-1 heating from the
crystallisation temperature (310-319 K) to the melting point. Phillips et al. [38] found
that the melting point increased with the logarithm of the crystallisation time
according to an S-shaped curve. Crystal thickness data calculated from melting point
data using the Thomson-Gibbs equation taken for samples crystallised at different
temperatures could be shifted along the logarithmic time axis to obtain a master
curve; the temperature dependence of the shift factor followed the Arrhenius
equation.

Many authors have reported on single crystals of aliphatic polyesters [40-46],
including poly(ε-caprolactone) [33,43,47-49]. Brisse and Marchessault [49] reported
that PCL lamellar single crystals grown from toluene/propanol solution consisted of
large platelets covered with several lamellae that grew from screw dislocation. Iwata
and Doi studied single crystals of various biodegradable polyesters [43,44,46-48,50].
In one of their papers [47] they reported on PCL lamellar single crystals grown from a
dilute n-hexanol solution. The lamellar thickness was found to be about 10 nm. The
chain folding occurred along the {110} growth planes as in other aliphatic polyesters.
Electron diffraction diagrams showed that the polymer chains align perpendicularly to
the lamellar base of the crystal. Crystals from high molar mass PCL (220 000 g mol-1)
were found to be hexagonal-shaped containing many layers emanating from screw
dislocations. Low molar mass PCL (24 000 g mol-1) formed small crystals on a large-
base plane crystal by spiral growth. The angle between growth faces was about 105°
corresponding to the growth faces in both the (110) and (010) fold sectors. Radial
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striations were also observed, indicating that all the chains are not aligned perfectly
perpendicular to the lamellar base, which according to the authors [47] suggests that
lamellar single crystals consist of micro-crystals with different chain packing.
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2. EXPERIMENTAL

2.1. MATERIALS

Star polymers, consisting of poly(ε-caprolactone) (PCL) grafted to dendritic
hydroxyl-functional cores, were studied. The cores were: a third-generation
hyperbranched polyester with approximately 32 terminal hydroxyl groups (Boltorn,
Perstorp AB, Sweden); a third-generation dendrimer with 24 hydroxyl groups and a
third-generation dendron with 8 hydroxyl groups. The dendrimer and dendron core
polymers were synthesized according to Ihre et al. [51]. The synthesis of star
polymers, i.e. the attachment of the PCL onto the dendritic cores, was achieved
according to Claesson et al. [52]. Three linear PCL samples (trade names: Tone ®
Polymers P300, P1241 and P1270) purchased from Union Carbide Co, USA were
studied as received. The number of repeating units (n) of the PCL chains in the
studied materials varied from 14 to 114, n being constant in each sample. Molecular
structure data of the polymers studied are presented in Table 1, and their structures are
displayed in Fig. 8.

Table 1.  Nomenclature and molecular structure of samples studied.

Group Core Mcore
(g mol-1)a narms b Sample

code n c

PCL17 17 (1.2)
PCL39 39 (1.5)

Linear PCL - - 1

PCL117 117 (1.4)
D14 14 (1.3)
D24 24 (1.3)
D42 42 (1.3)

Dendrimer-PCL 3rd-generation
dendrimer

3006 24

D51 51 (1.3)
HB51 51 (1.3)Hyperbranched-PCL 3rd-generation

Boltorn
3607 32

HB79 79 (1.4)
Don15 15 (1.3)Dendron-PCL 3rd-generation

dendron
1008 8

Don46 46 (1.3)
Don81 81 (1.4)

a  Molar mass of the core molecule calculated theoretically from the chemical formula.
b  Number of PCL arms attached to the core molecule.
c Number average of the degree of polymerisation of the PCL arms (n), obtained by H-NMR

[52]. The values within parentheses show the polydispersity (

€ 

M w M n ) obtained by size

exclusion chromatography applying the universal calibration procedure. The values

presented for the star polymers are estimated from data for linear PCL polymerised under

similar conditions.
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HBn (n = 51,79) Donn (n = 15, 46, 81)

Dn (n = 14, 24, 42, 51) PCLn (n = 17, 39, 117)

Fig. 8. Chemical structures of the star polymers studied: Dn (dendrimer core);
HBn (hyperbranched core); Donn (dendron core). PCLn corresponds to linear PCL.
The number of repeating units in a single PCL chain is indicated by n.
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2.2. TECHNIQUES

2.2.1. Wide Angle X-ray Scattering (WAXS)

One sample of each group was selected for X-ray analysis. The crystal unit cell
structure of the samples was determined by wide-angle X-ray scattering using a
Huber Imaging Plate Guinier Camera G670 operating at 40 kV and 30 mA using
monochromatic CuKα1 radiation (l = 0.15406 nm). Data in the transmission mode
were collected at 0.005° increments in the range 4-100° in 2q. The indexing program
TREOR [53] was used to assess the unit cell parameters.

2.2.2. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry was used to study crystallinity, crystal
rearrangement and to assess the equilibrium melting point of the materials. Samples
weighing 5±2 mg were encapsulated in 40 µl aluminium pans and analyzed in a
temperature- and energy-calibrated Mettler Toledo DSC 820 purged with nitrogen.
Temperature calibration was performed by recording the melting of pure indium at
the actual heating rates used.

Non-isothermal crystallisation processes were conducted to determine the
crystallinity of the samples and to study crystal rearrangement. The melting curves at
10 K min-1 of samples previously cooled at the same rate from 353 K to 250 K were
recorded and the mass crystallinity was assessed by the total enthalpy method [8]
using 135 J g-1 as the heat of fusion of 100% crystalline PCL [36]. Crystal
rearrangement was studied by recording the melting curves of samples of each
material at different heating rates, after a specific crystallisation procedure: cooling
from 348 K to 293 K at 30 K min-1.

Isothermal crystallisation processes were performed in order to obtain data to
assess the equilibrium melting points of the materials studied. The samples were
stored at 348 K and cooled at 10 K min-1 to the selected crystallisation temperature (in
the range 303-321 K). Crystallisation was conducted to 10% of the final attainable
degree of crystallinity at the particular temperature in an attempt to keep the crystal
thickening factor constant. The melting peak temperature was finally recorded at 10 K
min-1. The recorded melting point data were corrected for the thermal lag between the
sample pan and the sample holder in accordance with Gedde and Jansson [54].
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2.2.3. Polarized Optical Microscopy (POM)

Crossed polarized light microscopy was used to study the morphology of
superstructures and crystallisation kinetics. The instrument used was a Leitz Ortholux
POL BK II optical microscope equipped with crossed polarizers and a temperature-
calibrated Mettler Hot Stage FP 82HT controlled by a Mettler FP90 Central
Processor. The specimens used were thin films prepared by solution casting from
chloroform solution with 1wt.% of polymer, dropped directly onto the microscopy
slides. After evaporation of the solvent, the sample was covered with glass cover
sheets and melted in the hot stage. Then, the polymer was pressed between both
glasses to make the film even thinner and to get it in contact with both glass surfaces.
The samples were then immediately heated in the hot stage to 343 K, kept at this
temperature for 1 min, and cooled at 5±1 K min-1 (air cooling) to the selected
crystallisation temperature. The microscopic images of growing superstructures were
recorded under isothermal conditions by a Leica DC 300 CCD camera and the images
were transferred to a PC for further analysis with Leica IM50 software. The
superstructures radii measurements were performed directly in the PC after
calibration with a scale.

2.2.4. Transmission Electron Microscopy (TEM)

Two methods were used to prepare the single crystal suspensions. The first was
based on the so called self-seeding method introduced by Blundell et al. [55]. In this
study, 2.5 mg of sample was dissolved into 10 ml of n-hexanol or n-butanol at 110°C
and kept at this temperature for 10 min. The solutions were cooled to 35-40°C by
disconnecting the heating system of the oil bath, and allowed to crystallize at this
temperature overnight. The estimated cooling rate was 15±3°C h-1. The process was
repeated three more times changing the dissolution temperature to 100°C. Finally, the
suspensions were allowed to cool down to room temperature. These conditions were
similar to those reported by Iwata and Doi [47] for low molar mass PCL. The method
described above will be referred as M1.

The second method is based on that described by Bittiger et al. [33]. Samples
weighing 50 mg were dissolved in 5 ml of toluene at 75°C and then 10 ml of n-
hexanol or n-butanol were added. After the vials containing the solutions had cooled
down to room temperature, the content was poured into open recipients allowing
evaporation of the solvent. At the onset of turbidity the suspensions were recollected
for storage. This method will be referred as M2.
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The crystal suspensions obtained by both methods were dropped into TEM carbon-
film-coated copper grids. Filter paper was placed below the grids to absorb the excess
of solvent. The grids were allowed to dry and then shadowed with Au-Pd in a vacuum
evaporator. The angle between the metal source and the grids surface was in the range
of 5-15°.

Transmission electron microscopy bright field observations were carried out with a
Philips Tecnai 10 electron microscope operated at 80 kV. Digital images were
recorded with a Megaview II digital camera and analyzed with the program AnalySIS
after calibration with a patterned grid.
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3. RESULTS AND DISCUSSION

3.1. CRYSTAL UNIT CELL

The star and linear polymers tested showed almost identical X-ray diffraction
patterns, and were in accordance with the earlier reported data of Hu and Dorset [35].
The assessment of the unit cell by the indexing program TREOR was consistent with
the suggested orthorhombic cell. The positions of the two intense reflections
originating from the planes (110) and (200) of the orthorhombic unit cell were used to
calculate the corresponding d-spacings (Table 2).

Table 2. Crystal structure data obtained by X-ray diffraction.
Sample d110 (nm) d200 (nm)
PCL117 0.41617 0.37392
D42 0.41572 0.37397
HB79 0.41523 0.37301
Don81 0.41750 0.37394

The d-spacings values calculated for the star polymers are very similar to those
calculated for linear PCL, indicating that the dendritic cores remained in the
amorphous phase and were not included in the PCL crystals, which otherwise would
had caused an expansion of the unit cell.

3.2. DEGREE OF CRYSTALLINITY

The degree of crystallinity in base of PCL weight fraction was determined for all the
samples from calorimetric data obtained from the non-isothermal crystallisation
experiments, according to the total enthalpy method:

(9)

where: ∆Hf is the DSC measured heat of fusion, calculated from the area under the
melting endotherm; ∆H0

f  is the heat of fusion of a PCL 100% crystalline sample,
taken as 135,44 J g-1 [36]; and χPCL is the PCL weight fraction in the molecule.

The results, presented in Fig. 9, show that the crystallinity was larger in linear PCL
than in the star polymers, reflecting the higher ability to crystallize of linear PCL. The
largest depression in PCL crystallinity corresponded to the star polymers based on
hyperbranched core. The reason for the lowered crystallinity may be that, in the star

€ 

wc =
ΔHf

χPCL ⋅ ΔHf
0
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polymers, a few repeating PCL units close to the dendritic core may not be able to
crystallize due to steric constrain. As common feature all the polymers studied (except
HBn, with only two data points) showed a decrease of the degree of crystallinity when
increasing molar mass. That change in mass crystallinity was about 10% for linear
PCL ranging one order of magnitude in molar mass. For Dn and Donn, the change in
mass crystallinity was less than 10%.

Fig. 9. Mass PCL crystallinity (wc) as a function of DP of a single PCL chain
(n) for PCLn (), Dn (), HBn () and Donn (). The line between the PCLn

data points corresponds to a linear function fitted to the experimental data.

The depression in PCL crystallinity (∆wc(n)) of the star polymers with reference to
linear PCL with a corresponding degree of polymerisation of the PCL chains can be
calculated as follows:

(10)

where wc,PCL(n) is the mass crystallinity of linear PCL with n repeating units and
wc,star (n) is the PCL mass crystallinity of the star polymer which contain PCL arms
with n repeating units. The mass crystallinity values for linear PCL used in the
calculations of ∆wc were based on the linear function fitted to the experimental data
(Fig. 9). The number of additional, amorphous PCL repeating (∆n) units per PCL arm
in the star polymers with reference to linear PCL was calculated, and the results are
presented in Fig. 10.

 (11)
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Fig. 10. Crystallinity depression in star polymers with reference to linear PCL
expressed as the number of PCL repeating units (∆n) per PCL arm plotted
against the number of repeating units (n) of a single PCL arm: Dn (), HBn

() and Donn (). The continuous line is a linear fit of the data for Dn and
Donn. The broken line is a linear fit of the data for HBn assuming the same
slope coefficient as that obtained for Dn and Donn.

The data obtained for the star polymers with dendrimer and dendron cores (Dn and
Donn respectively) followed a linear trend according to:

(12)

where ∆n0 is the intercept i.e. a term independent on the PCL chain length. The data
obtained for the star polymers with dendrimer or dendron cores suggest that only one
repeating unit (∆n0≈1) of PCL nearest to the core is prohibited from crystallising. The
linear increase in ∆n with n expressed by the slope coefficient (C) (equal to 0.08 for
Dn and Donn) suggests that the chain folding occurring in the star polymers with
longer PCL arms was influenced by the presence of the dendritic cores near the fold
surfaces, as that this leads to less tight folds.

The star polymers with hyperbranched core showed an even greater crystallinity
depression. The two data points available for the HBn are not sufficient for reliable
determination of ∆n0 and C. It can be argued that the slope coefficient (C) should be
the same for HBn as for Dn and Donn. In that instance, the intercept (∆n0) becomes ~5
for the hyperbranched polymers.
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3.3. CRYSTAL REARRANGEMENT

Crystal rearrangement is often best seen during the slow heating of samples
quenched from the melt. The melting curves of samples first crystallised from the
melt at 30 K min-1 may be useful for the study of the principal effects of varying
heating rate (Figs. 11a-d). The melting traces obtained on slow heating (1 K min-1)
contained two well-resolved melting peaks. The presence of bimodal melting peaks is
often related to crystal rearrangement during melting. However, the initial presence of
two crystal populations different in crystal phase or crystal thickness can also be a
cause for bimodal melting peaks.

Fig. 11. Melting traces recorded at different heating rates (shown adjacent to
each curve; in K min-1) of samples initially crystallised during a 30 K min-1

cooling from the melt: (a) PCL39; (b) D42; (c) Don46 and (d) HB51.
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The two peaks were shifted to lower temperatures when increasing heating rate.
The temperature difference between the two peaks was approximately constant in the
lowest heating rates. The two peaks gradually merged at the higher heating rates. The
relative size of the high temperature peak decreased with increasing heating rate.
These findings suggest that the bimodal melting was due to the following sequence of
events: melting of the initial crystals, recrystallisation and final melting of the crystals
grown during the heating. The same basic scheme applied to both the linear and the
star polymers. The differences between the different polymers were only in the rate of
the recrystallisation process.

The other possible cause for bimodal melting (the initial presence of two crystal
populations) seems unlikely in the present case. The X-ray diffraction results, which
showed only the presence of crystals with the orthorhombic unit cell, indicate the
presence of only one crystal phase. The relatively low polydispersity of the samples
studied and the fact that all the samples crystallised during a constant cooling rate
makes it improbable that two crystal populations with distinctly different crystal
thickness would be present immediately after the crystallisation process.

The star polymers Dn and HBn showed a significantly smaller high temperature
peak than the PCLn at all corresponding heating rates. The melting merged into one
melting peak at heating rates ≥10 K min-1 for Dn and HBn (Figs. 11c-d). PCLn and
Donn showed double melting peaks even up to a heating rate of 30 K min-1 (Figs. 12a-
b).

Fig. 12. Effect of heating rate on melting temperature of samples crystallised
during 30 K min-1 cooling from the melt of (a) PCL39 and (b) D51. Filled
symbols indicate high-temperature peak and unfilled symbols indicate low
temperature peak.
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The lower tendency of the star polymers with dendrimer or hyperbranched cores to
rearrange on heating with reference to that of linear PCL is consonant with earlier
data reported by Nojima et al. [39]. They reported that the long period associated with
the PCL crystals in block copolymers based on PCL and polybutadiene remained
essentially constant during heating from the crystallisation temperature to the melting
point. Linear PCL showed on the other hand some increase in the long period on
heating to the melting point.

 The low temperature peak was due to the melting of the crystals formed during the
initial cooling phase. The heating rate dependence of the low temperature peak for
both PCLn and star Dn suggests, however, that these materials undergo gradual
rearrangement before final melting during the experiments with heating rate slower
than 10 K min-1 (Figs. 12a-b). Heating at that rate or greater had no further implication
on the melting point. This is very similar to the behaviour of thin polyethylene crystals
that show perfectioning and crystal thickening on slow heating while, above a certain
critical heating rate, melting occurs essentially without previous crystal rearrangement
[56].

The rapidly cooled samples of Dn and HBn did not show significant crystal
rearrangement at the commonly used heating rate (10 K min-1). In PCLn and Donn,
melting of initial crystals followed by crystallisation and final melting, occurred even
during faster heating (≤30 K min-1). The melting point of the initial crystals can be
obtained, however, by considering only the low temperature peak of these polymers.

3.4. EQUILIBRIUM MELTING POINT

3.4.1. Assessment of the Equilibrium Melting Point

The equilibrium melting temperatures of the different samples were determined by
extrapolation of Tm-Tc data. The melting point (Tm) was taken as the maximum value
of the melting peak on samples crystallised at a particular temperature (Tc) to 10% of
the maximum attainable degree of crystallinity at that temperature. No correction was
made for possible crystal rearrangement during melting since the heating rate used
(10 K min-1) was high enough to avoid it. The melting peaks recorded were strictly
unimodal and narrow.

Figs. 13a-d shows Tm-Tc data for the different polymers studied. The data points
represented in Figs. 13a-d are averages based on three separate measurements. The
standard deviation of the single data points was smaller than 0.2 K. The lines are
second-degree polynomial fits to the experimental data.
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Fig. 13a shows Tm-Tc data for a series of samples of linear PCL. Data reported by
Phillips et al. [37] for a linear PCL with a DP≈ 350 are included. The polymers
showed a progressive increase in melting point with increasing n and a pronounced
curvature in the Tm-Tc diagrams. This was a general feature in all the four groups of
samples studied (Figs. 13a-d).

The effect of molecular architecture on the melting point is demonstrated by the
data presented in Fig. 13b. The chosen polymers have a similar degree of
polymerisation of the PCL, ranging from 39 to 51. The Tm-Tc curves of the different
samples are essentially parallel-shifted along the melting point axis; the melting
points of the star polymers are about 2 K higher than those of linear PCL at any given
Tc within the studied temperature range.

Fig. 13. The melting point (Tm) as a function of crystallisation temperature for:
(a) PCLn; (b) Linear and star PCL samples with n≈40; (c) Dn and (d) Donn.
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It is evident that a linear function like the Hoffman-Weeks equation, Eq. (2), is not
in accordance with the pronounced curvature shown by the experimental data (Figs.
13a-d). Eq. (3) (see Section 1.1.3), which is a development of the Hoffman-Weeks
equation, predicts a positive second derivative of Tm with respect to Tc. This equation
considers that the crystals are more stable (expressed by δLc) than the minimum
requirement at the particular crystallisation temperature.

The following data reported for linear PCL was inserted in Eq. (3) to calculate the
equilibrium melting points of all the samples: ∆h0=163 MJ m-3=135 kJ (kg)-1= 2.2 kJ
(mol backbone atoms)-1 [36]; σ=90 mJ m-2 [37]; crystal stem length per PCL repeating
unit= 0.863 nm [35]. The crystal thickening factor (β) was set to unity. This
supposition was made considering the short crystallisation times and the small-angle
X-ray data presented by Strobl et al. [10] and Nojima et al. [39]. Furthermore, the
goodness of fit decreased when β set to values greater than 1. The two adjustable
parameters, the temperature at which the fitted curve intersects Tm=Tc (the calculated

€ 

Tm
0) and δL c, were adjusted in order to minimise the sum of square differences

between the experimental and calculated points. Optimum fit was achieved in most
cases with δLc=5 nm. Although a few of the low molar mass samples showed higher
goodness of fit with a slightly lower value, δLc =4 nm, δLc was set to 5 nm as a
universal value for all the different samples.

An example of the extrapolations performed is shown in Fig. 14, corresponding to
the fit of Eq. (3) to the experimental data obtained for Don81. The curvature of the
experimental data in the Tm–Tc diagram is stronger than that predicted by Eq. (3). This
was a general feature for all the samples studied. The positive deviation of the
experimental data with respect to the fitted line, typically occurring at the two highest
crystallisation temperatures, is most probably due to a relatively small increase of the
crystal thickening factor (β). Crystallisation at the highest temperatures involved long
crystallisation times, allowing crystal thickening and consequently increasing β.
However, the results obtained by the extrapolation were not sensitive to the choice of
the data. Removal of the data points taken at the highest crystallisation temperatures
(where possible crystal thickening may have occurred) only altered the result by a few
tenths of a Kelvin.

The finite thickness of the equilibrium crystal of Don81 (Fig. 14) was considered by
calculating the difference between its melting point and the crystallisation
temperature (∆T) from Eq. (4). A relatively low σ-value (σ=40 mJ m-2) was used
because the equilibrium crystal is lacking chain folds. A change in σ alters the
calculated equilibrium melting point data but, when comparing equilibrium melting
point data for linear and star-branched PCL, the qualitative conclusions are not
influenced by any realistic alteration of σ.
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Fig. 14. The melting point (Tm) as a function of crystallisation temperature (Tc)
for Don81: (a) fitted Eq. (3) using the following parameter values: ∆h0= 163 MJ
m-3; σ= 90 mJ m-2; β=1; δLc= 5 nm. (b) Tm=Tc. (c) the intersection between
curve (a) and line (b) denoting the calculated equilibrium melting point: (d) T0

m

assuming constant δLc=5 nm; ∆T is the difference in Tc and Tm calculated from
the Thomson-Gibbs equation with σ= 40 mJ m-2.

The universal parameters used in the extrapolation method appeared to produce
accurate results for the majority of the samples. Extrapolation of the data obtained for
the lowest molar mass samples (PCL17, D14 and Don15) gave, however, results with
significant uncertainty. This was primarily due to the large ∆T values shown by these
samples.

3.4.2. Extrapolation of the Equilibrium Melting Point to Infinite Molar Mass

The equilibrium melting point data are presented in Fig. 15, plotted according to
Hay [17]. The equilibrium melting point data follow a linear trend with respect to ln
n/n. The following values for 

€ 

Tm
0 n→∞( )  were obtained by extrapolation of the linear

fits to ln n/n=0: PCLn: 359.2 K; Dn: 362.0 K; Donn: 363.2 K; HBn: 363.6 K. Hence,
the difference in equilibrium melting point between the linear and the star-branched
polymers is 3-4 K.
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Fig. 15. The equilibrium melting point 

€ 

Tm
0 n( )( )  as a function of ln n/n (n is the

degree of polymerisation of PCL of a single PCL arm) for: PCLn (), Dn (),
HBn ( ), and Donn ( ). The lines are best fits of Eq. (7) to the data. The
arrows point towards data points associated with considerable uncertainty
(±2-3 K).

Fig. 16 presents equilibrium melting point data plotted as a function of n together
with best fits of the Broadhurst equation (Eq. (5)) to the experimental data. The
following values were obtained for 

€ 

Tm
0 n→∞( ) : PCLn: 358.5 K; Dn: 366.2 K; Donn:

363.7 K; HBn: 365.0 K. The extrapolation of the equilibrium melting point data
according the Hay equation was less influenced by the uncertain equilibrium melting
points of the low molar mass samples.

Fig. 16. The equilibrium melting point 

€ 

Tm
0 n( )( )  as a function of the degree of

polymerisation of PCL of single PCL arms (n) for: PCLn (), Dn ( ), HBn

(), and Donn (). The curves are best fits of Eq. (5) to the data. The arrows
point towards data points associated with considerable uncertainty (±2-3 K).



- Results and Discussion -

29

5

10

15

20

25

290 300 310 320 330 340 350

L c (n
m

)

T
m 

(K)

(a) (b)

Fig. 17 shows the calculated crystal thickness using the Thomson-Gibbs equation
vs. the melting point ranges for the linear and star polymers. The crystal thickness
ranges for the higher molar mass samples (not including PCL17, D14 and Don15) were
12-15.5 nm for linear PCL and 11-15 nm for star-branched PCL. The extended-chain
length was between 31 and 302 nm for the linear PCL’s and 21 and 70 nm for the star
polymers. The PCL chains must then be folded at least once and in most cases twice
or more times. Hence, the presence of many chain folds in the fold surface of the
crystals is consonant with the σ value used (90 mJ m-2) in the calculation of the
equilibrium melting points according to Eq. (3) and in the calculation of the crystal
thickness according to the Thomson-Gibbs equation.

Fig. 17. Crystal thickness plotted as a function of melting point calculated from
the Thomson-Gibbs equation using the following input data: ∆h0= 163 MJ m-3;
σ= 90 mJ m-2 for (curve a) linear PCL: 

€ 

Tm
0 = 359 K; (curve b) star PCL: 

€ 

Tm
0 =

363 K. The broken lines show the melting point and crystal thickness ranges
included in this study. Data for the samples with very low molar mass (PCL17,
D14 and Don15) are not included.

The difference in equilibrium melting point between the linear and the star-
branched polymers can be explained by considering the equation:

(13)

€ 

Tm0 n( ) =
Δh0 n( )
Δs0 n( )



- Results and Discussion -

30

where ∆h0 and ∆s0 are the enthalpy and entropy of fusion respectively. The similarity
in the unit cell parameters of the polymers with different molecular architectures
suggests that ∆h0 is independent of molecular architecture. However, the depression
in crystallinity of the star polymers with respect to linear PCL indicates that a portion
of the PCL arms was hindered from crystallising. Only the repeating PCL units close
to core should be influenced in the case of the equilibrium extended-chain crystals. It
seems reasonable, on the basis of the data presented in Fig., that only a few (~1)
repeating PCL units of each PCL arm of the dendrimer/dendron star polymers are
prohibited from crystallising. In hyperbranched star polymers, a larger number of
PCL repeating units (~5) are unable to crystallize. Hence, the dendrimer/dendron star
polymers would in this instance experience a reduction in enthalpy of fusion to ∆h0(n-
1) and hence a lowering of the equilibrium melting point. This effect should be more
important in polymers with the short PCL arms. More important is the reduction in
∆s0(n) that is responsible for the increase in equilibrium melting point with respect to
linear PCL for the star polymers. The attachment of the crystallisable PCL arms to the
core reduces the positional freedom of the crystallisable units in the molten state
leading to a lower ∆s0(n) for these polymers than for linear PCL.
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3.5. MORPHOLOGY OF SUPERSTRUCTURES

Figs. 18a-d show examples of the three superstructures identified through the
optical microscopy experiments. Fig. 18a shows a spherulite, the periphery of which
was strictly circular during the whole crystallisation process. The so called ‘irregular’
spherulites (Fig. 18b) showed a periphery that deviated considerably from a circular
shape. These structures could sometimes reach the circular shape at the end of the
growth period. Finally, Fig. 18c shows an axialite, where a preferent growth direction
was followed during the whole process. The spherulites showed negative
birefringence, i.e. the refractive index along the spherulite radius was lower than that
along the tangential direction. The spherulites/axialites showed the lowest refractive
index in the major growth direction, which indicates that the c axis is preferentially
perpendicular to that direction. The spherulites showed no clear banding (concentric
rings). An irregular, very coarse banding was, however, vaguely present in a few
samples (Fig. 18d).

Fig. 18. Polarized photomicrographs showing different superstructures: (a)
perfect spherulite illustrated by D51 crystallising at 311 K; (b) irregular spherulite
formed in D24 while crystallising at 315 K; (c) Axialite illustrated by PCL39

crystallising at 323 K; (d) Spherulites showing tendency for coarse banding
observed after crystallisation of HB51 at 323 K. The bars represent 50 µm.
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Figs. 19a-d present morphology maps of the different linear and star polymers.
Spherulites were formed at low temperatures and axialites were formed at the highest
temperatures. Irregular spherulites appeared after crystallisation at intermediate
temperatures. Linear PCL showed dominantly axialites (Fig. 19a), which is the typical
morphology of low molar mass polymers [18,57].

Fig. 19. Morphology maps showing the superstructures formed at different
crystallisation temperatures (Tc) vs. the degree of polymerisation of a single
PCL arm (n). The symbols represent:  (spherulites),  (irregular spherulites)
and  (axialites). (a) PCLn; (b) Dn; (c) HBn; (d) Donn. The values beside the
lines display the degree of supercooling 

€ 

ΔT(K) = Tm
0(n) −Tc  at which the

morphological ‘transitions’ occurs.
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The star polymers exhibited a greater tendency to form spherulites, even in the
polymers with very short PCL arms (Figs. 19b-d). The transition from irregular
spherulites to axialites occurred at significantly higher temperatures for the star
polymers than for the linear polymers (Figs. 19a-d). HBn showed the greatest
tendency to form spherulites of all the star polymers. This series showed only the
transition from spherulites to irregular spherulites at 325 K, i.e. 5 K higher than that
for the corresponding transition in the other star polymers (Figs. 19b-d).

The morphological data obtained can be interpreted according to the scheme
followed by linear polyethylene [58,59]. Low molar mass polyethylene forms
axialites, as a consequence of the lack of dangling cilia on the crystal surfaces during
crystallisation. In the vicinity of a lamellar branch, the lamellae do not diverge
sufficiently for a spherulite to be formed. This is evidently the case for the linear
PCL’s studied. The star polymers, on the other hand, tended to form spherulites,
which indicates that amorphous material was present between the lamellae at the
lamellar branches, generating sufficient pressure to force the lamellae to diverge and
form spherulites. This amorphous material contains the dendritic cores together with
PCL cilia. The crystallinity depression of the star polymers suggested that the dendrite
cores made adjacent re-entry more difficult than in the case of linear PCL [60].

3.6. CRYSTALLISATION KINETICS

The linear growth rate was determined at different crystallisation temperatures by
measurement of the radii of freely growing spherulites or axialites as a function of
time, at the correspondent temperature. The values presented are averages of 1-6
growing units, being 4 a typical value. In general, the variation in growth rate of
different spherulites/axialites within a given sample was small, <5% with an average
of 2-3%. The spherulite/axialite growth was strictly linear. The coefficient of
determination (r2) of the straight line fitted to the data was greater than 0.99 except for
a few cases of linear PCL. The spherulite radius vs. time curves showed in these cases
slight negative curvature and the coefficient of determination was in the range 0.97-
0.98.

Fig. 20 presents a typical example of strictly constant growth rate including five
different spherulites. The average linear growth rate 

€ 

G = ∂R ∂t  in this case was
0.1207 µm s-1, with a single-data standard deviation of 0.0052 µm s-1, i.e. 4% of the
average.
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Fig. 20. The spherulite radius (R) as a function of crystallisation time for D51

crystallising at 313.4 K. The growths of five different spherulites are shown. The lines

are linear fits to the experimental data.

 Fig. 21 shows the linear growth rate plotted as function of crystallisation
temperature for PCLn and Dn. Most polymers, except those with the shortest PCL
arms/chains, approached very low growth rates between 320-330 K. At the lower
temperatures, the linear polymers crystallised at a considerably higher rate than the
star polymers (Fig. 21), whereas at the higher temperatures the order was reversed.

Fig. 21. Linear growth rate (G) as a function of crystallisation temperature (Tc)
for linear polymers (PCL17 (); PCL39 ( ); PCL117 ()) and star polymers
based on dendrimer core (D24 (); D42 (); D51 ()). The error bars indicate
the standard deviations of the single data. In some cases the error bars are
smaller than the size of the symbol.
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 Fig. 22 shows the temperature dependence of the linear growth rate for a series of
polymers with PCL chains of approximately the same length (n≈40). The polymers
crystallised at approximately the same rate at 321 K. At lower temperatures, the linear
polymer crystallised faster than the star polymers (Fig. 22). At temperatures above
321 K, the star polymers crystallised faster than the linear polymer as shown in the
insert figure of Fig. 22. The star polymers showed only moderate individual variations
in crystallisation rate; the differences were within 30% at any given temperature of
crystallisation (Fig. 22).

Fig. 22. Linear growth rate (G) as a function of crystallisation temperature (Tc)
for polymers of the same PCL arm length (n≈40): PCL39 ();D42 (); HB51

(); Don46 (). The insert figure shows a logarithmic expansion of the growth
rate data taken at high crystallisation temperatures. The error bars indicate the
standard deviations of the single data. In some cases the error bars are smaller
than the size of the symbol.

The crossover of the curves of linear growth rate versus temperature for linear and
star polymers is a consequence of the higher equilibrium melting points of the star
polymers. A better comparison would be obtained by representing the linear growth
rate as a function of the degree of supercooling (ΔT), as it is done in Fig. 23. The
linear polymer crystallised faster than the star polymers over the whole range of
supercoolings studied. Dn showed the lowest linear growth rates of the star polymers.
Donn och HBn showed similar crystallisation rates (Fig. 23). These findings are
different from the results reported by Risch et al. [27] who found that the
crystallisation half-times of star polyamide-6 were shorter than those of linear
polyamide-6 of comparable molar mass at the same degree of supercooling.



- Results and Discussion -

36

0

0,1

0,2

0,3

20 25 30 35 40

G
 (

µm
/s)

∆T (K)

The slow crystallisation rate of the star polymers must be attributed to the dendritic
cores to which all the crystallisable units are linked. The presence of the dendritic
core on the fold surface will make the re-entry of PCL cilia more difficult than in the
case of linear PCL.

Fig. 23. Linear growth rate (G) as a function of degree of supercooling (∆T) for
polymers of the same PCL arm length (n≈40): PCL39 (); D42 (); HB51 ();
Don46 (). The error bars indicate the standard deviations of the single data
points. In some cases the error bars are smaller than the size of the symbol.

The linear growth rate data were further analyzed using the Lauritzen-Hoffman
equation [18]:

In Figs. 24a-b the linear growth rate according to the Lauritzen-Hoffman equation
(Eq. (8)) is plotted as log G vs. 1/(Tc∆T) for PCLn and Dn. In both figures, the lines
represent linear fits to the experimental data. The deviations between the fitted lines
and the data points were small with a maximum ∆y≈0.1, which corresponds to a
factor of 1.26. The slope coefficient (–Kg) increased with increasing molar mass. This
is in accordance with earlier data reported for linear polyethylene [18]. The two linear
PCL’s with the lowest molar mass (PCL17 and PCL39) crystallised in axialites whereas
the higher molar mass polymer (PCL117) formed spherulites at all temperatures except
for at the two highest temperatures. There was no detectable change in the slope
coefficient associated with the transition from spherulites to axialites (Fig. 24a).
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Fig. 24. Linear growth rate according to the Lauritzen-Hoffman equation. (a)
Linear PCL samples: PCL17 (); PCL39 (); PCL117 (). (b) Star polymers
with dendrimer core: D14 ( ); D24 ( ); D42 ( ); D51 ( ). The formed
superstructure is shown adjacent to each data point; axialites (A) and
spherulites (S), including both ‘perfect’ and irregular spherulites.

The star polymers with dendrimer cores showed also only one crystallisation
regime, i.e. a single line represented the experimental data (Fig. 24b). The maximum
deviation between fitted line and experimental data points was 0.1 in the logarithmic
scale. These polymers crystallised to form spherulites with one exception: D24 formed
axialites at the two highest temperatures. There was no detectable change in the slope
coefficient even for this polymer in the high temperature region (Fig. 24b).
The slope coefficient data plotted as a function of n for both linear polymers and star
polymers are displayed in Fig. 25. Kg increased with increasing length of the PCL
arms (n). All star polymers and the highest molar linear PCL (PCL117) showed
spherulitic growth whereas PCL17 and PCL39 formed axialites. The Kg values obtained
for these two polymers were larger than those obtained for the star polymers of the
same n. This difference in Kg may be due to that the two sets of samples obey
different crystallisation regimes. The star polymers showed 10-15% higher Kg values
in the high molar mass region than linear PCL (Fig. 25).
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Fig. 25. The slope coefficient (K g) as a function of the number of PCL
repeating units in single PCL arm or in linear polymer (n): linear PCL ()
dendrimer-PCL ( ) dendron-PCL (); hyperbranched-PCL (). The formed
superstructure is shown adjacent to each data point: (A) axialites and (S)
spherulites, including both ‘perfect’ and irregular spherulites. The line shows a
cubic spline fit to the experimental data of the linear polymers.

The obtained Kg values may be explained by the Lauritzen-Hoffman theory [18]
according to:

(14)

where σ is the fold surface free energy, σL is the lateral surface free energy, ∆h0 is the
heat of fusion, k is the Boltzman constant, N is an integer number depending on the
regime of  crystallisation, b is the thickness of the crystalline monolayer perpendicular
to the major crystal growth direction and 

€ 

Tm
0 n→∞( )  is the equilibrium melting point

of a polymer with infinite n. The following data were used in the analysis: ∆h0= 163
MJ m-3 [36], k=1.380610-23 J K-1, N=2 for regime II (spherulite) crystallisation and
N=4 for regime I (axialite) crystallisation, b= 0.415 nm (this value is taken from the
study on polyethylene by Hoffman et al. [18]), and 

€ 

Tm
0 n→∞( )  depends on the

molecular architecture: 359 K (linear PCL) and 363 K (star PCL).
The surface energy product data obtained for the star polymers followed the fitted

line with only minor deviation; the maximum deviation between the line and the
experimental data was ~40 (mJ m-2)2 (Fig. 26a). The σσL values for the star polymers
ranged between 600 and 850 (mJ m-2)2; the maximum value was obtained for the star
polymers with the highest n value. The linear polymers showed lower σσL values than

€ 

σσL =
Kg × Δh

0 × k
N × b ×Tm

0 n →∞( )
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the star polymers at corresponding n (Fig. 26a). Phillips et al. [37] calculated the
surface energy of the lateral crystal surface (σL) for linear PCL to 6.7 mJ m-2 using the
Thomas-Staveley equation [61]. This equation provides only an estimate and the fold
surface free energy data presented in Fig. 26b include error bars assuming an
uncertainty in σL by ±1 mJ m-2. The calculated fold surface energy (σ) increased with
increasing length of the PCL arms (n) and they levelled out at high n. The σ value
used in the determination of the equilibrium melting points for the polymers with
longer PCL arms (chains) was 90 mJ m-2 in accordance with Phillips et al. [37].

Fig. 26. (a) The product of the crystal surface energies (σσL), obtained by
inserting the Kg data presented in Fig. 25 in Eq. (14), as a function of the
number of PCL repeating units in single PCL chain (n). (b) The fold surface
free energy (σ) as a function of PCL repeating units in a single PCL chain (n).
The error bars were obtained by assuming an uncertainty in σL of ±1 mJ m-2. In
both graphs: PCLn ( ); Dn ( ); Donn ( ); HBn ( ). The line shows a
polynomial fit to the experimental data of the star polymers.

The equilibrium melting points of the polymers with short PCL units (PCL17, D14,
Don15) were calculated assuming a lower fold surface free energy, σ= 40 mJ m-2 [60].
The average fold surface free energy of these polymers was 33 mJ m-2, which is
sufficiently close to the value used in the calculation of the equilibrium melting point.
These polymers with short PCL chains crystallised with few chain folds and the fold
surface energy of extended-chain crystals should be in the range 20 to 30 mJ m-2. The
error in the determination of the equilibrium melting point arising from this relatively
small overestimate of the fold surface energy of the equilibrium crystals is 0.5-1.3 K.
This would lead to a 5% change in Kg and σ.
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The polymers with n>40 showed higher fold surface free energy, 105±15 mJ m-2

(average). Four of these polymers were within 15% from the σ-value of 90 mJ m-2

used for the extrapolation to obtain the equilibrium melting point. This is also within
the limits considering the uncertainty in σL. The two star polymers with the longest
PCL arms, HB79 and Don81 showed higher values, 120-130 mJ m-2. Adjustment of the
σ-value used for the calculation of the equilibrium melting point yielded a higher
equilibrium melting point, 4-5 K higher than those obtained by the extrapolation
based on σ=90 mJ m-2. This would lead to a further increase in Kg and σ. After one
more iteration, the same σ value (160-170 mJ m-2) was obtained from the linear
growth data as was used in the calculation of the equilibrium melting point. This
value seems, however, too high. A possible explanation to this ‘paradox’ is that the
fold surface undergoes rearrangement during the isothermal crystallisation and further
on heating prior to melting. The initial fold surface in the star polymers with
substantial coverage with dendritic cores may be strained and energetic (high σ). With
time (annealing) these strained structures relax resulting in a lowering of σ. Fold
surface rearrangement has been found in a number of polymers, even in flexible
polymers such as polyethylene [62,63]. It is not unrealistic that the constrained star
polymers show substantial fold surface rearrangement.

The pre-exponential factor (β) showed only moderate variation with molecular
architecture for the polymers with n>40. The short-range diffusion of the
crystallisable segments seems thus to be unaffected by molecular architecture.

3.7. SINGLE CRYSTAL MORPHOLOGY

Different types of crystalline structures were observed in the samples obtained
through the preparation methods described in the experimental section. The first and
most frequently observed type corresponds to hexagonal single crystals with slightly
curved lateral faces, mostly multilayer with a central screw dislocation (Fig. 27a).
These crystals would have grown in the dilute solution during the crystallization
process. Although no electron diffraction analysis has been performed, the direction
of the crystallographic a axis has been assigned, assuming the similarity with the
results reported in Ref. [47] (Fig. 27a). A second type of structures corresponds to that
showed in Fig. 27b, in which a multilayer lamellar aggregate consisting of branching
lamellae growing from a nucleation point can be observed.  These structures, which
were observed only in a few preparations, seem like cross sections of lamellar
terraces, although the lateral dimension of the lamellae would be smaller than that of
the lamellae showed in Fig. 27a.
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The third type of structures corresponds to those that would have grown from more
concentrated solutions after a liquid-phase separation occurred during the
crystallization process or after evaporation of the solvent during the drying of the
TEM grids. Crystallization in these conditions produces multilayer assemblies
resembling bulk crystallisation (Fig. 27c). The three types of structures were observed
with the same frequency in samples prepared after crystallization by methods M1 and
M2.

Fig. 27. TEM micrographs of the crystalline morphologies observed. (a) PCL39

grown from toluene/ n-hexanol solution by method M2 at room temperature.
Striations can be observed in directions perpendicular to the growth faces. The
arrow indicates the crystallographic a axis direction [47]. (b) PCL39 crystallised
from n-hexanol solution by method M1 at 35°C, forming multilayer aggregates
of branching lamella growing from a nucleation point. (c) Multilayer crystals of
D42 crystallised from toluene/n-hexanol solution by method M2 at room
temperature. The arrow points to a lamellar terrace.
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Single crystals with hexagonal shape appeared more frequently than the other
structures described above. Figs. 28a-d show examples of hexagonal single crystals of
linear and star PCL grown from toluene/n-hexanol solutions by method M2 at room
temperature. The lateral dimension of the crystals was 1-3 µm, and the lamellar
thickness was about 20 nm, estimated by the Au-Pd shadowing. The majority of the
crystals were multilayer consisting of either stacks of several piled up lamellae or
spiral overgrowths from the mother crystal. The virgin crystals correspond to the top
crystals whereas the mature or mother crystals correspond to the base. Occasionally
monolamellar crystals were found as separate entities without underlying mature
crystal layers (Fig. 28a). Crystals of linear PCL appeared to be bigger and more
regular than those of star PCL. Linear PCL crystals exhibited smoother faces and
sharper corners, while star PCL crystals had nearly elliptic shapes and serrated faces
with niches on a hundred-nanometre scale. For both classes of polymers the mature
crystals appeared less regular than the virgin crystals.

Fig. 28. Single crystals of (a) PCL39, (b) HB51, (c) D42 and (d) Don46, grown
from toluene/ n-hexanol solutions by method M2 at room temperature. The
arrows in (a), (b) and (d) indicate the crystallographic a axis directions [47].
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Fig. 29 shows an example of PCL39 crystals where screw dislocations of opposite
handedness occurred simultaneously. This feature was observed also in samples of the
star polymers. It has been demonstrated that both right- and left-handed screw
dislocations occur randomly in numerous lamellar crystals, and it is believed that
conformational variations of single chains might be involved in determining the
handedness of the screw dislocations [64].

Extremely curved faces were observed in crystals of a few star PCL’s, especially in
those of the highest molecular weights. Fig. 30 shows single crystals of Don81 with
extremely curved growth faces. Rounded crystal boundaries have been observed for
PE crystallised at high temperature and have been explained in terms of a crystal
growth that is not controlled by the surface nucleation [65]. Barnes and Khoury [66]
reported the formation of curved polymer crystals, where the curvature tended to be
more pronounced as the crystallisation temperature decreased.

Fig. 29. Single crystals of PCL39 grown from

toluene/n-hexanol solution by method M2 at

room temperature. The arrows indicate the

crystallographic a axis directions [47].

Fig. 30. Single crystals of Don81

crystallised from n-hexanol solution by

method M1 at 40°C.

Radial striations were occasionally detected in samples of both linear and star PCL.
Fig. 31 shows an example of PCL17 single crystals where striations in the crystal
surface can be observed. The same feature can be seen in Fig. 27a and Fig. 29.
Striations running perpendicular to the growth faces of polymer crystals have been
observed before in PCL and other polymers [41,46,67]. Fujita et al. suggested that the
striations of about 50 nm, observed in crystals of poly(L-lactic acid), were caused by
the slight deviation between orientations of different crystallites [41]. Furuashi et al.
attributed the striations found in crystals of poly-β-propiolactone, which were running
parallel to the long axis of the crystals, to the twinning of some chains involving small
(a few degrees) c axis shear in the b direction [46].



- Results and Discussion -

44

Pouget et al. detected striations in the more developed {110} sectors of hexagonal
crystals of poly(tetramethylene adipate). The extinction bands were parallel to the
crystallographic a axis and the authors suggested that those striations could indicate
the non planar structure of the crystals [67].

Fig. 31. Single crystal of PCL17 grown from n-hexanol solution by method M1 at

40°C. The arrow indicates the crystallographic a axis direction [47].

Occasionally, small bumps were observed on the surface centres of those crystals
that were not affected by spiral growth, as can be seen in Fig. 28a, Fig. 28b and Fig.
31. These bumps have been related to the homogeneous, primary nucleus of the
folded chain lamella, which has a thickness close to twice the thickness of the
secondary nuclei giving raise to the fold planes in the growing crystal [68]. This
nucleus would serve both for the basal lamella and the additional lamellae [64].

The second type of structure, i.e. aggregates of branching lamella growing from a
nucleation point, was observed only in a few preparations. Figs. 32a-b show examples
of the structures observed in a sample of linear PCL (Fig. 32a) and one of the samples
of star PCL with dendron core (Fig. 32b). Linear PCL exhibits less pronounced
splaying of the branching lamellae than the star polymer. No generalizations can be
made due to the lack of data for comparison. However, the axialitic features of linear
PCL compared with the spherulitic features of the star polymers is in agreement with
the earlier findings obtained by polarized light microscopy [69].
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Fig. 32. Multilayer aggregates of (a) PCL39 crystallised from n -hexanol
solution by method M1 at 35°C and (b) Don46 crystallised from n-butanol
solution by method M1 at 35°C.

Finally, multilayer crystalline assemblies resembling bulk crystallisation were
observed. Often they appeared as globules with a morphology similar to spherulitic,
as can be seen in Fig. 27c Schaaf and co-workers [70] reported on globular crystalline
morphologies found in solution growth preparations using poor solvents. These
morphologies reflected the interplay of a liquid-liquid phase separation process prior
to crystallisation and further nucleation and growth of the crystals within the globules.

Other similar structures appeared to have grown from the edges of the TEM copper
grids, mostly in preparations of the star PCL samples. This probably occurred during
the drying of the TEM grids, leading to the precipitation of the residual polymer
solution. Fig. 33a presents an example of the described structures. Fig. 33b shows
lamellar stacks in a sample of linear PCL, resembling bulk crystallisation. Initiation of
spiral growth can be observed at some points.
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Fig. 33. Multilamellar assemblies of (a) Don46 and (b) PCL39 grown from
toluene/n-hexanol solution by method M2 at room temperature.
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5. CONCLUSIONS

 PCL star polymers based on dendritic cores showed the same unit cell
structure as linear PCL.

 The crystallinity of the star polymers (specially that of the star polymers with
hyperbranched core) was lower than that of the linear PCL analogues suggesting
that a few PCL repeating units closest to the dendritic core were unable to
crystallize and that chain folds were less tight in the star polymers.

 Crystal rearrangement during the slow heating of polymers previously
crystallised during fast cooling occurred to the same extent in star polymers
based on dendron core as in the linear polymers, but it was retarded in the star
polymers based on dendrimer or hyperbranched cores.

 The equilibrium melting points of the star polymers were higher than those of
the linear analogues. This effect can be attributed to positional restriction
imposed on the PCL chains by their covalent attachment to the dendritic cores,
which lowers the melt entropy of the star polymers with respect to their linear
analogues.

 PCL star polymers based on dendritic cores showed a greater tendency to form
spherulites than linear PCL. The preference for spherulite formation of the star
polymers can be explained by the presence of dendritic core moieties on the fold
surfaces that force branching lamellae to diverge and form spherulites. Low
molar mass linear PCL, on the other hand, forms axialites due to the absence of
ciliation and because branching lamellae are expected to show only little
divergence.

 The crystallisation kinetics data suggested that the star polymers have a higher
fold surface energy than their linear analogues. It is proposed that the presence of
the large and rigid dendritic cores on the fold surfaces of the star polymer crystals
increases the fold surface energy. The short-range diffusion of the crystallisable
PCL segments was essentially unaffected by the molecular architecture.

 Hexagonal-shaped single crystals, mostly multilamellar with a central screw
dislocation, were the most frequently observed structure. The crystal growth
faces were slightly (in some cases extremely) curved. In general, linear PCL
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single crystals exhibited more regularity than star PCL single crystals. Multilayer
crystalline assemblies resembling bulk crystallisation were also observed,
appearing often as globules with spherulitic morphology.

These findings confirm the constraining effect of the dendritic cores in the
crystallisation of the PCL arms, which retards molecular rearrangement during
crystallisation. This makes the studied star polymers excellent candidates to
investigate the early stages in polymer crystallisation.
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6. SUGGESTIONS FOR FUTURE WORK

 Study of the fold surfaces of different single crystals by TEM of decorated
crystals.

 AFM can be used to measure the frictional forces to reveal the direction and
regularity of the crystal fold surface.

 The early crystallisation stages of the materials studied can be investigated by
X-ray scattering using a synchrotron source.

 Study of the crystallisation behaviour in other constrained structures.
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