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Morphology, Crystallization, and Melting of Single
Crystals and Thin Films of Star-branched Polyesters
with Poly(1-caprolactone) Arms as Revealed by

Atomic Force Microscopy

E. NÚÑEZ,1 G. J. VANCSO,2 AND U. W. GEDDE1

1Fibre and Polymer Technology, School of Chemical Science and Engineering,

Royal Institute of Technology, Stockholm, Sweden
2Materials Science and Technology of Polymers, University of Twente,

Enschede, The Netherlands

The morphology and thermal stability of different sectors in solution- and melt-grown
crystals of star-branched polyesters with poly(1-caprolactone) (PCL) arms, and of a
reference linear PCL, have been studied by tapping-mode atomic-force microscopy
(AFM). Real-time monitoring of melt-crystallization in thin films of star-branched
and linear PCL has been performed using hot-stage AFM. A striated fold surface
was observed in both solution- and melt-grown crystals of both star-branched and
linear PCL. The presence of striations in the melt-grown crystals proved that this
structure was genuine and not due to the collapse of tent-shaped crystals. The
crystals of the star-branched polymers had smoother fold surfaces, which can be
explained by the presence of dendritic cores close to the fold surfaces. The single
crystals of linear PCL grown from solution showed earlier melting in the f100g
sectors than in the f110g sectors, whereas no such sectorial dependence of the
melting was found in the solution-grown crystals of the star-branched polymers. The
proximity of the dendritic cores to the fold surface yields at least one amorphous
PCL repeating unit next to the dendritic core and more nonadjacent and less sharp
chain folding than in linear PCL single crystals; this evidently erased the difference
in thermal stability between the f110g and f100g sectors. Melt-crystallization in thin
polymer films at 53–558C showed 4 times faster crystal growth along b than along
a, and more irregular crystals with niches on the lateral faces in star-branched PCL
than in linear PCL. Crystal growth rate was strictly constant with time. Multilayer
crystals with central screw dislocation (growing with or without reorientation of the
b–axis) and twisting were observed in both classes of polymers.

Keywords star-branched polyesters, atomic-force microscopy, solution-grown
crystals, real-time monitoring, melt-crystallization, melting
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Introduction

The crystallizable chain segments of the star-branched polymer molecules used in this

study are fixed at one end by a dendritic core moiety whereas the other end is free to

move. The interest in these polymers was to some extent driven by ongoing research on

the possible existence of metastable phases at the early stages of polymer crystalliza-

tion.[1 – 5] In these polymers, crystal rearrangement due to annealing is retarded, giving

more time to study the materials in their early crystallization stages. The crystallization

and melting behavior of star-branched polyesters with crystallizable poly(1-caprolactone)

(PCL) arms have been reported in three previous publications.[6 – 8] The dendritic cores

have a pronounced effect on the crystallization of the linear PCL arms attached to

them: slower crystal rearrangement,[6] higher equilibrium melting point,[6] higher fold

surface free energy,[7] moderately lower crystallinity,[6] and a greater tendency to form

spherulites in comparison with linear PCL.[7] The crystal phase after complete crystalliza-

tion was however the same for both types of PCL.[6] A detailed analysis of crystallinity

data showed that the crystallinity depression, expressed in the number of PCL repeating

units (Dn) per PCL arm of the star-branched polymers with respect to linear PCL, is

given by:[6]

Dn ¼ Dn0 þ Cn ð1Þ

where Dn0 is a term independent of the length of the crystallizing PCL arm, C is a factor

that expresses the depression in crystallinity with increasing length of the PCL arm, and n

is the number of repeating units in the PCL arm. Star-branched polymers with dendrimer

or dendron cores obeyed Eq. (1) with Dn0 ¼ 1 and C ¼ 0.08, whereas star-branched

polymers with hyperbranched cores showed Dn0 � 5.[6] These data suggest that PCL

chains attached to cores with well-defined structures (dendrimer or dendron) crystallize

with the dendritic cores only one PCL repeating unit away from the fold surface

(Dn0 ¼ 1) and the positive C-value suggests that the folds are less sharp due to the

presence of dendritic cores close to the crystal interface. The higher Dn0 value obtained

for polymers with hyperbranched cores seems logical in view of their irregular

structure. The placement of dendritic cores in the vicinity of the crystal interface influ-

ences the fold surface structure; the possibility of major crystal rearrangement and the

presence of a significant cilia phase during crystal growth causing diverging crystal

lamellae from lamellar branch points and consequent spherulite formation.[6 – 8] The

attachment of the many crystallizable chains to a single core reduces melt entropy, and

this is the major reason for the observed higher equilibrium melting point of star-

branched PCL than of linear PCL.[6] This paper, which is a continuation of the previously

reported studies,[6 – 8] addresses the following questions:

i. Solution-grown single crystals of linear PCL showed striations according to trans-

mission electron microscopy (TEM).[8] This structural feature was not detected by

TEM in the crystals of star-branched PCL.[8] The open question was whether this

feature is absent in the star-branched polymer crystals. Do melt-grown crystals

display striations? What is the effect of crystallization temperature on the periodicity

of the striated structure?

ii. What is the nature of the fold surface in different sectors of the single crystals of the

star-branched polymers and how does it differ from that in single crystals based on

linear PCL? What is the thermal stability of different crystal sectors in single

crystals of star-branched and linear PCL?
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iii. What is the lateral habit of melt-grown crystals based on star-branched PCL? Single

crystals of star-branched PCL grown from solution at temperatures between 308C and

408C were in many cases more extended along the crystallographic a–axis than along

the b–axis and the lateral faces contained many niches.[8]

This paper presents data obtained by tapping-mode atomic-force microscopy (AFM)

for the morphology, crystallization, and melting behavior of solution-grown single crystals

and thin films of star-branched PCL and reference linear PCL. Atomic-force microscopy

provides surface imaging with quantitative height data essential for assessing crystal

thickness and, most important in this study, for obtaining information about the striated

structures. Atomic-force microscopy is able to monitor hot-stage in-situ melting and crys-

tallization at controlled temperatures. Hobbs et al.[9] were the first to perform an in-situ

study at room temperature, whereas Pearce and Vancso[10] reported the first hot-stage

in-situ observation of melting and crystallization.

This study has confirmed that both solution- and melt-grown crystals of both linear

and star-branched PCL exhibited striated surfaces. The observation of striations in

crystals growing from the melt indicates that this feature is not due to a collapse of

tent-shaped crystals. The paper also presents data on melting behavior, confirming differ-

ences in the fold surface structure of the solution-grown single crystals between star-

branched and linear PCL. Real-time monitoring of melt crystallization provided a

wealth of information about the morphological features of the crystallization of star-

branched polymers. The newly obtained data combined with earlier reported data for

solution-grown single crystals[8] conform to a trend with increasing crystal shape aniso-

tropy, expressed as the ratio of the crystal length along b to that along a, with increasing

crystallization temperature.

Experimental

Materials

The star-branched polymers consisted of PCL grafted to dendritic hydroxyl-functional

cores. The cores used were a third-generation hyperbranched polyester with approxi-

mately 32 terminal hydroxyl groups (Boltorn, Perstorp AB, Sweden) and a third-gener-

ation dendrimer with 24 hydroxyl groups. The synthesis and characterization of the

star-branched polymers have been described earlier.[11,12] A linear PCL sample with the

trade name Tone P300 purchased from Union Carbide, USA, was studied as received.

Molecular structure data from the polymers studied are presented in Table 1. The struc-

tures of the star-branched polymers are sketched in Fig. 1.

There is a sizeable difference in the degree of polymerization (DP) of the crystalliz-

able PCL units of the star-branched polymers (DP ¼ 51) and the linear PCL (DP ¼ 117).

Earlier studies[6 – 8] showed, however, that the morphological effect of this difference in

molar mass for linear PCL is relatively small: Single crystals of linear PCL’s with DP

of 39 and 117 grown from solution at 35–408C showed the same lateral habit.[8] These

linear polymers showed the same superstructural transitions as a function of crystallization

temperature; the transition from irregular spherulites to axialites appeared at ca. 48C lower

temperature in the lower molar mass polymer.[7] The degree of crystallinity for samples

crystallized at 108C/min was 0.70 for a PCL with DP ¼ 50 (value obtained by inter-

polation) and 0.65 for PCL117.[6] The fold surface free energy (s) values obtained from

crystallization kinetics data were 60–80 mJ/m2 (DP ¼ 50) and 105 + 15 mJ/m2

Morphology, Crystallization, and Melting of Polyesters 591
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(DP ¼ 117).[7] The s-values of the polymers used in this study were almost the same:

105 + 15 mJ/m2 (PCL117) and 100 + 15 mJ/m2 (D51 and HB51), which is in the

proximity of the ‘polymeric regime.’ This study thus properly addressed the effect of

molecular architecture on the fold surface structure and the other issues raised in the

previous discussion.

Preparation of Single Crystals

Single crystals were grown from dilute solution according to the self-seeding method.[13]

The polymer was dissolved in n-hexanol or n-butanol to obtain solutions with 0.05 wt.% of

polymer. The solutions were transferred to vials immersed in an oil bath, which was set at

either 358C or 408C, and allowed to crystallize at this temperature overnight. After crystal-

lization, the vials were rapidly transferred to an oil bath set at the dissolution temperature,

which ranged from 428C to 598C. After keeping the vials at these temperatures for a

Table 1
Nomenclature and characteristics of the polymers studied

Sample

code Core Ma
core nbarms nc

PCL117 None 0 1 117 (1.4)

D51 3rd generation

dendrimer

3.0 24 51 (1.3)

HB51 3rd generation

hyperbranched

3.6 32 51 (1.3)

aMolar mass in kg mol21 of core calculated theoretically from the chemical formula.
bNumber of PCL arms attached to each core.
cNumber average of the degree of polymerization of the PCL arms (n) obtained by H-NMR.[11]

The values within parentheses show the polydispersity (M̄W/M̄n) obtained by size-exclusion chrom-
atography applying the universal calibration procedure. These values presented for the star-branched
polymers have been estimated from data for linear PCL polymerized under similar conditions.

Figure 1. Chemical structures of the star-branched polymers studied: (a) Dn (star-branched PCL with

dendrimer core, n ¼ 14 and 51); (b) HBn (star-branched PCL with hyperbranched core, n ¼ 51).

E. Núñez et al.592
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few minutes they were immediately transferred back to the bath at the crystallization

temperature. The process was repeated thrice. The suspensions were finally allowed to

cool to room temperature without filtration. The crystal suspensions were dropped onto

glass substrates and allowed to dry prior to microscopic observation.

Preparation of Thin-film Samples

Films with a thickness of ca. 200 nm were prepared by spin-coating a solution of the

polymer in chloroform (5 mg polymer per ml solvent) onto cleaned glass surfaces at

3000 rpm for 30 s. The glass substrates had been cleaned by immersion in chloroform

and ethanol and after drying by exposure to oxygen plasma for 10 min.

Atomic-force Microscopy (AFM)

The AFM experiments were performed at ambient conditions using a Multimode micro-

scope with NanoScope III controller (Veeco). The instrument was equipped with a

J-scanner. The maximum scan size was 100 mm2. Commercially available Si-cantilevers

(NANOSENSORSTM) with resonance frequency of 204–497 kHz and force constants of

10–130 N/m, according to the manufacturer, were used. Measurements were carried out

in the tapping mode, using always the largest set-point ratio to minimize interactions

between the tip and the sample. This was particularly important in the real-time study

of crystallization, because the tip may induce crystallization by shear forces in the

contact mode.[14] A high-temperature accessory provided by Veeco was used. It

enabled heating from ambient to 2508C. Height, amplitude, and phase images were

acquired simultaneously.

The high temperature experiments were carried out as follows: The sample stage and

tip were heated from room temperature to melting temperature in steps of 1–58C. The tip

was always withdrawn from the sample during heating. Tip engagement was executed

only after the selected temperature had been reached and remained stable. Images were

acquired under isothermal conditions. The larger temperature jumps were used at the

lowest temperatures. When the first morphological changes were observed, the tempera-

ture jumps were decreased. Real-time monitoring of crystallization was performed

under isothermal conditions after cooling the samples from the melt to the crystallization

temperature.

Results and Discussion

Striated Fold Surfaces in Solution- and Melt-grown Crystals

Figures 2 and 3 display images of a 12 nm-thick single crystal grown from a dilute

n-hexanol solution of PCL117 at 408C. The lateral habit of solution-grown single

crystals of linear and star-branched PCL, including the crystallographic assignment of

the lateral faces was reported in a previous paper.[8] However, a few important key

features are repeated here as a background. The crystallographic b-axis is parallel to the

long-axis of the crystal shown in Fig. 2a. These crystals showed six sectors: four f110g

sectors and two f100g sectors. The crystal displayed in Figs. 2a and b shows an outer

highly irregular crystal layer with deep niches in the f110g sectors. It is believed that

the external part of the crystal showing irregular growth faces was formed during the

cooling of the solution to room temperature.

Morphology, Crystallization, and Melting of Polyesters 593
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Sectorization is evident in the single crystals displayed in Figs. 2 and 3. Sectors in

single crystals can be revealed by the use of decoration techniques.[15] However, in the

present study the different crystal sectors were visible without such treatment. Striations

running from the centre and outwards gave a height contrast, which revealed the

different sectors. Figures 2a and b show striations in the f110g sectors running parallel

to the boundaries between the f110g and f100g sectors. The angle formed between the

striations in the f110g sectors and the corresponding growth faces was not necessarily

908, as was reported earlier by Iwata et al.[16] The value of this angle depends on the

relative growth rates of the different sectors which, according to Núñez and Gedde,[8]

vary depending on polymer structure and crystallization temperature; the latter was

further confirmed by data presented in the final section of Results and Discussion. The

striations appeared in the height images (Figs. 2a, b, and 3a), phase images (Fig. 3b),

and amplitude images (not shown). A close examination of the height and phase images

presented in Figs. 3a and b confirms that they represent the same structure. The phase

image structure is, generally speaking, due to spatial variation of the viscoelastic

Figure 3. (a) Height and (b) phase AFM images of a single crystal of PCL117 grown from a dilute

n-hexanol solution at 408C. The full data scale for the phase image was 208.

Figure 2. Height AFM images (Fig. 2b is a magnification of a part of the single crystal shown in

Fig. 2a) of a single crystal of PCL117 grown from a dilute n-hexanol solution at 408C.

E. Núñez et al.594
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properties. The resemblance of height and phase images thus indicates that viscoelastic

properties and thickness are correlated.

The striations were more pronounced and continuous in the f110g sectors than in the

f100g sectors (Figs. 2 and 3); the striations in the latter sectors grew along the normal to

the growth face and exhibited a more granular morphology. The striations observed in the

f110g sectors in Figs. 2 and 3 were 55 to 60 nm wide, essentially continuous through

the whole sector and ca. 1.7 nm high. The dimensions of the granules observed in the stria-

tions of the f100g sectors were of the order of 50–60 nm (width) and 30 nm (length) and

approximately 1.7 nm high (Figs. 3a and b). Another remarkable feature is the continuity

of the striations through the observed boundary that separates areas of the crystals corre-

sponding to consecutive growth stages (Fig. 2). The lamellar thickness was lower in the

peripheral region, which indicates that the overgrowth occurred during the cooling of

the solution to room temperature. The striations ran continuously through the boundary

between the thick and thin crystal regions. The periodicity of the striations was approxi-

mately the same in both regions of different crystal thickness (Fig. 2b). It is important to

point out that the striated fold surfaces of solution-grown crystals of linear PCL have been

reported earlier.[8,16] However, the detailed information about the height of the modulation

obtained by AFM is new.

Figures 4a and b show amplitude and phase images of single crystals of HB51 grown

from dilute n-butanol and n-hexanol solutions respectively at 408C. The height images just

barely revealed the striations, indicating that the height amplitude was smaller than in the

case of linear PCL. The striations in the different growth sectors were visible in the single

crystals of the star-branched polymers but they were less well-defined and the surfaces of

these crystals appeared more granular than those of linear PCL. The orientation of the

striations with regard to the crystallographic axes and the overall continuous character

from the centre to the crystal periphery were essentially the same for the star-branched

polymer as for linear PCL (Figs. 2 and 4). The widths of the striations, most clearly

seen in Fig. 4b, were 50 + 20 nm. It is important to point out that the other star-

branched polymer studied (D51) also displayed solution-grown crystals with striations

on the fold surfaces.

Figure 4. (a) Amplitude AFM image of single crystals of HB51 grown from a dilute n-butanol

solution at 408C. Full data scale ¼ 200 mV. (b) Phase AFM image of a single crystal of HB51

grown from a dilute n-hexanol solution at 408C. Full data scale ¼ 158.
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Striations were also observed in the fold surfaces of melt-grown crystals of both linear

and star-branched PCL (Figs. 5a and b). These micrographs were from in-situ crystalliza-

tion experiments and the striations were formed at the crystallization temperature (538C
and 558C, respectively). The crystal terraces displayed in Fig. 5a (PCL117) show some

very interesting features. The more developed layers show pronounced striations

whereas the upper, more newly formed layers just barely show striations. The widths of

the striations in the linear PCL sample were 50–100 nm; i.e., slightly larger than was

observed in the solution-grown crystals, The orientation of the striations was essentially

the same in the melt-grown crystals as in the solution-grown crystals (Figs. 2 and 5a).

The more-developed bottom layers of the terraces of the melt-crystallized D51 sample

showed vague striations with a width of 100–150 nm (Fig. 5b). The top layer of the

terraces showed a very distinct, remarkably different structure. We have currently no

explanation for this unique structure. The observation of striated melt-grown crystals is

not new. Taguchi et al.[17] reported undulated melt-grown crystals of isotactic polystyrene

revealed by AFM. They determined the height amplitude to about 1 nm and found also that

the periodicity of the undulations (striations) increased with increasing crystal thickness;

i.e., with increasing crystallization temperature.

In conclusion, the striated structures on the fold surfaces are a general feature

common to both linear and star-branched PCL and also general with regard to the

source medium of the crystals; i.e., solution or melt. The striations were visible in

height, amplitude, and phase images and comparison of these images reveals that they ori-

ginated from the same basic structure. The striations appeared as a regular height variation

in the fold surface with ca. 1.7 nm amplitude for solution-grown crystals of linear PCL or

less for star-branched PCL. The smaller height amplitude and the more vague character of

the striation in star-branched PCL crystals than in linear PCL crystals can be explained by

two different effects: (i) The dendritic core moieties cover the fold surface in a octopus-

like structure and, in addition, the degree of crystallinity of the PCL component is

lower in HB51 and D51 than in PCL117. Núñez et al.[6] provided the following data on

mass crystallinity of melt-crystallized samples: 0.65 (PCL117), 0.56 (HB51), and 0.63

(D51). Hence, the amorphous layer, consisting of the dendritic core moieties and

Figure 5. Amplitude AFM images of thin-film samples: (a) PCL117 crystallizing at 558C; (b) D51

crystallizing at 538C. Full data scale ¼ 50 mV.

E. Núñez et al.596
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amorphous PCL units, should be thicker on the single crystals based on star-branched PCL

than on those of linear PCL and this is expected to smear out the crystal striations as

observed by tapping mode AFM. (ii) The dendritic core modifies the fold surface

structure changing the stress build-up possibly responsible for the striations; Taguchi

et al.[17] proposed that the stress of fold surfaces makes a flat crystal elastically unstable

to cause a buckling deformation during crystallization. Common to all studied systems

(solution- and melt-grown crystals of linear and star-branched PCL) was the distinct orien-

tation of the striations along the boundary between the f110g and f100g sectors in the f110g

sectors and along (100) in the f100g sectors. The sectorial feature of the striations together

with their regular appearance on the fold surfaces strongly suggests they originate from the

fold structure. Another important finding was the presence of striations in melt-grown

crystals, which indicates that the striations were formed during crystallization and not

as the result of collapse of a nonplanar (tent-like) crystal as has been suggested by

Pouget et al.[18] An indication that the formation of the striation is a gradual process is

presented in Fig. 5a: The striations are more developed in ‘older’ bottom layers of

terrace crystal than in the ‘young’ top layer. The presented data for PCL are in general

agreement with the findings of Taguchi et al.[17] on melt-grown crystals of isotactic poly-

styrene. Taguchi et al.[17] reported that the spacing of the striations was proportional to the

reciprocal degree of supercooling; i.e., to crystal thickness. The data presented are in most

respects consistent with this empirical finding. However, the fact that the spacing of the

striations remained intact crossing the boundary between crystal domains of different

crystal thickness (see Fig. 2a) is not in accordance with the data presented by Taguchi.[17]

Structural Changes of Solution-grown Single Crystals on Heating

Figure 6 shows the effect of heating on solution-grown single crystal of PCL117. The

crystals were 9 nm thick with flat f110g faces and slightly rounded f100g faces before

heating (Fig. 6a). No morphological changes were observed at temperatures below

558C. At 558C, the first morphological changes were observed at the edges of the single

crystal as indicated with the arrows in Fig. 6b. Ridges were formed running parallel to

the striations towards the center of the crystal, forming patches of thicker (14–16 nm)

material. Similar behavior has been reported for single crystals of polyethylene,[19]

n-alkanes,[20] poly(ethylene oxide),[21] and poly(l-lactic acid).[22] The less-confined

crystal edges are expected to be thermally less stable than the central region of the

crystal.[19 – 22] Immediately after the appearance of the ridges, significant restructuration

was observed in some regions within the f100g sectors (Figs. 6b and c). Holes were

formed, supplying material to the region undergoing thickening. The average thickness

of the thickened regions was 18–20 nm, but regions with thicknesses between 25 and

30 nm were also observed as indicated by the dark arrows in Fig. 6c. The white arrow

in Fig. 6c marks a region of lower thickness (6 nm). It is important to note that the

f110g sectors remained essentially unchanged at 558C. After 17 min at 568C, significant

structural changes had also occurred within the f110g sectors (Fig. 6d). A difference in

thermal stability between the different sectors has previously been reported for single

crystals of polyethylene.[19,23,24] The behavior of solution-grown crystals of linear PCL

thus resembles that of polyethylene. The different fold structure of the different sectors

may have an effect on the entropy of melting or have a slight effect on the packing of

the crystal stems thus affecting the enthalpy of melting.

Figure 7 shows the thermally induced changes in a 9 nm-thick single crystal of HB51.

No morphological changes were detected at temperatures below 488C and the crystal
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resembled the initial structure displayed in Fig. 7a. The crystal edges started to rearrange at

488C (Fig. 7b). The arrows in Fig. 7b mark regions of reduced thickness, 5 nm. This not

generally observed and unexpected event is most probably due to flattening of height

images leading to certain distortions. The crystal that was heated further in temperature

steps of 1–38C to 578C showed only minor changes in the structure of the crystal

edges, and no morphological change was observed in the central regions of the crystal

(Fig. 7c). In the phase image of Fig. 7c, the white lines define the demarcation between

a single crystal layer and a second crystal layer referred to as an ‘overgrowth.’ The

rearrangement observed at temperatures between 57 and 598C (the images are not

Figure 6. Height (left-hand column) and phase (right-hand column; full data scale ¼ 258) AFM

images of PCL117 single crystals taken at different temperatures after different annealing times:

(a) 238C; (b) 558C after 17 min; (c) 558C after 60 min; (d) 568C after 17 min.
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shown due to their inferior quality) involved only the area corresponding to the crystal

overgrowth; the latter was probably formed by polymer crystallized at a higher degree

of supercooling than the central crystal area. At 608C, significant structural changes

were observed in all sectors of the crystal (Fig. 7d). The different sectors in the star-

branched PCL single crystals thus showed similar thermal stability. No holes were

generated by the thermal treatment, which was clearly different from the behavior of

the single crystal of linear PCL (Fig. 6d). Some areas of the crystal; i.e., the edges and

some ‘islands’ in the centre of the crystal underwent thickening. The average thickness

Figure 7. Height (left-hand column) and phase (right-hand column; full data scale ¼ 258) AFM

images of a HB51 single crystal at (a) 238C; (b) 488C after 8.5 min; (c) 578C after 8.5 min; (d)

608C after 8.5 min.
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in the thickened regions was 16–19 nm, but in some regions, indicated by the black

arrows, it was 26–28 nm. In the region indicated by the white arrow, the thickness was

37–40 nm. The large dark regions in the micrograph shown in Fig. 7d indicated,

however, that most regions in the crystal showed a decrease in thickness, finally approach-

ing a thickness of ca. 5 nm. The presence of holes in the annealed linear PCL single

crystals is caused by the difference in surface free energy between the fold surface

(high value) and the lateral surfaces (low value).[6,7] Nunez et al.[7] showed that the

surface energetics of the star-branched PCL single crystals is similar to that of linear

PCL single crystals. The reason for the absence of holes in the annealed star-branched

PCL is thus not that the thermodynamic strive toward a smaller the fold surface area is

lacking but rather that the process is kinetically hindered by the dendritic cores.

The difference in thermal stability of the different sectors in the linear PCL single

crystals is already known. The new finding is the uniformity in thermal stability of

different crystal sectors of the star-branched PCL single crystals, which indicates that

the presence of the dendritic cores has an effect on the fold surface structure. As previously

discussed, the proximity of the dendritic cores to the fold surface has two effects: (i) one

PCL repeating unit next to the dendritic core is amorphous; (ii) chain folding becomes less

sharp and possibly less adjacent than in linear PCL single crystals. The difference between

the fold structures in the f110g and f100g sectors thus becomes insignificant resulting in the

almost simultaneous melting of the different sectors of the single crystals of the star-

branched PCL sample.

Melt-crystallization of Thin-film Samples: Lateral Habit and Crystal Growth Rate

The principal issues dealt with in this section are the lateral habit of melt-grown crystals of

star-branched PCL and the characteristics of crystal growth during isothermal conditions.

The problem of identifying the crystallographic axes of a given crystal is an important

factor that can lead to misinterpretation of crystal growth rate data obtained by AFM.

This problem was addressed by comparing linear growth rate data of an ensemble of

crystals, some with known crystallographic axes orientations. Figures 8 and 9 present a

series of micrographs taken after different periods of time under isothermal conditions

at 538C and 558C respectively, showing the growth of crystals from the molten state in

thin-film samples of PCL117 and D51. Both polymer samples initially showed only

edge-on lamellae (Figs. 8a and 9a). This suggests that crystallization was initiated at

the substrate boundary with the chain (c) axis parallel to the substrate plane. It is not

possible on the basis of the micrographs to assess the orientation of crystallographic

axes a and b in the edge-on lamellae. As crystallization proceeded, flat-on crystal

lamellae became visible (Figs. 8b–d and 9b–d). The growth faces in the flat-on

lamellae in the linear PCL thin film are clearly revealed in Fig. 8d (F1): the crystallo-

graphic a– and b–axes are almost horizontal, the f110g growth faces are relatively flat,

the apex angle is approximately 1258 and the f100g faces show curvature. The aspect

ratio, defined as the crystal length along b (lb)/crystal length along a (la), is, according

to this micrograph, approximately 4. Figures 9c and d display a flat-on lamella (F2) at

different growth stages in the D51 thin film. The crystallographic axes a and b

(indicated in Fig. 9c) are readily identified from the lateral habit, which is similar but

not identical to that of the linear PCL crystal (Fig. 8d). The f100g faces showed more

curvature in the crystal of the star-branched PCL than in the linear PCL crystal. A close

examination of crystal F2 in Fig. 9d indicated the presence of shallow niches at the

lateral faces. Solution-grown single crystals formed at 30–408C displayed a large
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number of niches on the lateral faces.[8] The aspect ratio (lb/la) for the single crystals of

both linear PCL and star-branched PCL was ca. 4.

Figure 10 shows the size of the crystal lamellae along the crystallographic a and b
axes plotted against time for a flat-on lamella of D51 crystallizing at 538C. The growth

rate was strictly constant. This is in accordance with other studies.[10,25,26] Variations in

the crystal growth rates have been observed but only over very short length and time

scales.[27] Such short length and time scales were not resolved in the present study. The

growth rates obtained from the data presented in Fig. 10 were 0.018 mm/min (along a;

va) and 0.076 mm/min (along b; vb). These growth rates thus correspond to a crystal

aspect ratio (lb/la) of 4.2. Núñez and Gedde[8] showed that solution-grown single

crystals grown at 30–408C had crystal aspect ratios (lb/la) between 1.5 and 1.8 for

linear PCL and between 0.8 and 1.3 for star-branched PCL (DP for PCL arms was

between 40 and 80). Thus, the crystal aspect ratio (lb/la) increases with increasing

Figure 8. Amplitude AFM images of a thin film of PCL117 crystallizing at 558C after different

periods of time: (a) 111 min; (b) 145 min; (c) 195 min; and (d) 229 min. (e and f) Height surface

plots (the scanned area is 10 � 10 (mm)2) of the same sample after (e) 195 min and (f) 290 min.

The full data scale for the amplitude images was 30 mV.
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Figure 9. Phase AFM images of a thin film of D51 crystallizing at 538C after different periods of

time: (a) 8.5 min; (b) 17 min; (c) 34 min; and (d) 51 min. (e and f) Height surface plots (the scanned

area is 7�7 (mm)2) of the same sample crystallizing for (e) 8.5 min and (f) 34 min. The full data

scale for the phase images was 308.

Figure 10. Lamellar length along the b (filled symbol) and a (open symbol) crystallographic axes of

a flat-on lamella in a thin film of D51 crystallizing at 538C. The lines show the linear fits to the exper-

imental data.
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crystallization temperature, which is a trend that was established for polyethylene by

Organ and Keller.[28] It is important to point out that the data by Organ and Keller

showed that lateral habit for this particular polymer was controlled by the absolute temp-

erature rather than by the degree of supercooling. It seems that linear and star-branched

PCL follow the same basic principle. Anisotropic crystal growth has been reported for

melt-crystallized linear PCL by Beekmans and Vancso,[29] which is in principle

agreement with the findings reported in this paper.

The growth rates of the edge-on lamellae showed significant variation between

different lamellae. However, the values were always between va and vb. Most of the

edge-on lamellae showed a growth rate that was 60–70% of the growth rate along b. It

is suggested that the growth of the edge-on lamellae was controlled by the growth

along a. The hypothesis, illustrated in Figs. 11a–c, is that the crystals nucleated at the

substrate boundary (Fig. 11a), as has been proposed earlier by Godovsky and

Magonov[30] and by Li et al.,[31] and that the crystal grew fastest along b. After a

Figure 11. Schematic representation of the growth of a crystal in a thin-film sample: (a) the crystal

grows freely in the melt along a and b; (b) the crystal grows along b after reaching the air interface;

(c) measured growth rate (ve) by crystal growth along a (rate va). The angle between the crystallo-

graphic b-axis and the interface normal (n) is denoted a.
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certain time, the crystal growth boundary, i.e., the two f110g faces, reached the air-

interface and the growth along b was stopped because of the spatial confinement

(Fig. 11b). Hence, the crystal could only grow only along a at this stage. The apparent

growth rate at the film boundary (ve) is related to both va and the angle (a) between b

and the normal to the air-interface (Fig. 11c):

ve ¼
va

cosa
ð2Þ

The most typical growth rates obtained corresponded to an angle, a, between 60 and

708. The lowest measured growth rate (ve) was close to va, suggesting that the b-axis of this

crystal was along the normal to the film plane (Fig. 11c).

Two different types of terraced multilayer crystals were observed in the thin film of

the linear PCL (Fig. 8d). The terraces indicated by F1 are parts of a simple continuous

structure with a central screw dislocation. The different layers have a common b-axis.

This structure resembles that of the multilayer crystals grown from a dilute solution of

this polymer.[8] In the right-hand bottom corner of the same micrograph (Fig. 8d), there

are screw dislocations including a number of crystal layers pointing with the b-axis in

different directions in the plane. Closer examination indicates that there are at least two

groups of terraces with crystal layers with common b-axis orientations; one of which ori-

ginated from an edge-on lamella (this group is denoted S1). The other group (denoted S2)

has its center in one of the crystal layers of the S1-group from which it may have

developed. The angle between the b-axes of the two lamellae stacks was approximately

458. The fact that these multilayer crystals are stacked on top of each other does not

mean that they would not form a three-dimensional structure in an unconfined molten

phase. The spatial confinement of cilia and other amorphous segments between the

crystal layers should produce a splaying structure in the free melt.

Multilayer structures with lamellar branching were also found in a few cases in the

edge-on lamellae. On the right-hand side of E1 in Fig. 9a, several branched structures;

i.e., one edge-on lamella continued into two diverging edge-on lamellae, appeared in

the star-branched polymer film. It should be noted that the view plan is a mixed

ab-plane. Some of the branched lamellae showed twisting; i.e., a gradual change of the

c-axis orientation, immediately after the branching point. Twisting of the edge-on

lamellae was another noticeable feature. Such structures were found in the linear PCL

sample (Fig. 8d; marked with the white arrow) but they were even more frequent in the

thin film of the star-branched polymer (Fig. 9d). There are several examples of edge-on

lamellae that essentially stopped to grow followed by the growth of a flat-on lamella

(Fig. 9c, d; structure marked with F2). Structure F3 in Fig. 9d is another example of

similar morphology. The edge-on lamella seems to twist in both these cases and our

hypothesis is that the flat-on lamella is the result of a screw dislocation yielding a

lamellar branch beneath the air-interface. The branching lamella has to reorient and

twist to some extent in a free, unconfined melt. The situation near the air-interface is

different. The spatial confinement may lead to a further reorientation of the crystal

approaching a flat-on orientation. Kikkawa et al.[32] studied crystallization of PLLA

films. They proposed that the flat-on crystals grew from the edge-on crystal from the

f001g faces. They assumed that the cilia dangling out from the f001g faces crystallized

in the flat-on lamellae. The exact mechanism was not really discussed but two mechanisms

seem possible: (1) epitaxy, which in our opinion seems not to be a very feasible

mechanism; (2) increase of the equilibrium melting point because of molecular
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constrain (lowering of entropy of the cilia). Hence, the driving force for crystallization

(effective degree of undercooling) would be increased.

The following main conclusions were drawn from results presented in this section:

The anisotropic crystal growth of both linear and star-branched PCL, approximately

four times faster along b than along a, was established on the basis of the growth of

flat-on crystal lamellae. This is not a new finding for linear PCL but it has hitherto not

been reported for star-branched PCL. A general temperature dependence of the relative

growth rates was established based on the new data; i.e., data from melt-crystallization

at 53–558C, and on earlier published data for single crystals grown from solution at

30–408C. For both classes of polymers, it conforms to the well-known trend: The

crystal growth rate ratio (vb/va) increases with increasing temperature. The flat-on

crystals observed in the star-branched PCL samples had shallow niches, which is

different from the crystals of linear PCL observed; the latter showed smoother lateral

faces. This difference was also reported for solution-grown single crystals[8] and was

attributed to differences in fold-surface free energy and to the molecularly constrained

nature of the star-branched polymers. The presence of screw dislocations and, in the

case of an unconfined melt, diverging crystal lamellae were confirmed for both linear

and star-branched PCL. It is suggested that the apparently sharp transition from edge-on

to flat-on lamella is due to the presence of a screw dislocation beneath the air-interface

leading to reorientation and twisting.

Conclusions

Solution- and melt-grown crystals of both linear and star-branched PCL exhibited striated

fold surfaces. The orientation of the striations was specific for each crystal sector. The

striations were more defined in the crystals of linear PCL, whereas the crystals of the

star-branched polymers had smoother fold surfaces. This difference can be attributed to

the coverage of the fold surface with dendritic core moieties in the star-branched

polymers and to the change of the nature of the fold due to proximity of the dendritic

cores to the fold surface. The fact that striations were also found in melt-grown crystal

indicate these structures were genuine and not due to the collapse of tent-like crystals.

The solution-grown crystals of linear PCL showed earlier melting in the f100g sectors

than in the f100g sectors. Similar observations have been reported for other linear

polymers such as polyethylene. The star-branched polymers showed melting with no

such sectorial preference. This indicates that the structure of the fold surface is changed

by the presence of the dendritic cores in the star-branched polymer. Crystallization

from the molten state at 53–558C yielded more irregular crystals (shallow niches on

the lateral faces) in the star-branched polymer than in the linear PCL. This finding is con-

sistent with earlier results presented for solution-grown single crystals. The anisotropic

crystal growth of both linear and star-branched PCL, strictly constant with time and

approximately four times faster along b than along a, was established on the basis of

the growth of flat-on crystal lamellae. By combining these data with earlier data

reported for solution-grown crystals, it is shown that the ratio of crystal growth rate

along b to that along a increases with increasing crystallization temperature; this is in

accordance with earlier reported data for polyethylene. The crystal growth rate was aniso-

tropic but strictly constant for a given crystallographic direction. However, crystals with

different orientations of their crystallographic axes showed significant variations in

measured linear growth rates. This demonstrates the importance of assessing the crystal-

lographic axes orientations before determining physically realistic linear growth rates

Morphology, Crystallization, and Melting of Polyesters 605

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
e
i
t
 
T
w
e
n
t
e
]
 
A
t
:
 
1
5
:
0
0
 
9
 
D
e
c
e
m
b
e
r
 
2
0
0
8



from AFM micrographs. Multilayer crystal structures with a central screw dislocation and,

in the case of an unconfined melt, diverging crystal arms were confirmed for both linear

and star-branched PCL.
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