
lable at ScienceDirect

Polymer 49 (2008) 4673–4679
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Surface structure of folded-chain crystals of poly(R-3-hydroxybutyrate)
of different chain length
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The structure of the crystalline–amorphous interface of poly(R-3-hydroxybutyrate) (PHB) of different
molar mass is evaluated by analysis of the rigid amorphous fraction and by analysis of the degree of
reversible melting and crystallization. The rigid amorphous fraction of low-molar-mass PHB of 5 kDa is
only 5–10%, and at best half of that of high-molar-mass PHB of almost 500 kDa, despite identical crys-
tallinity. This result is paralleled by observation of distinctly larger degree of reversible melting and
crystallization in PHB of high molar mass. The larger rigid amorphous fraction and higher degree of
reversible melting and crystallization in PHB of high molar mass, consistently and independently, prove
enhanced covalent coupling of crystals and amorphous structure, and/or de-coupling of segments of
macromolecules which traverse between phases, respectively. The distinct isolation of crystals in PHB of
low molar mass is discussed in terms of absence of wide loops/folds, long-chain cilia, and tie-molecules.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The crystalline and amorphous phases in semi-crystalline poly-
mers coexist within a meta-stable arrested thermodynamic equi-
librium, and would only be linked by physical bonds at the top and
bottom crystal surfaces if phase-traversing molecule segments do
not exist. The link between crystals and amorphous phase, partially,
is of covalent nature if molecule segments cross the phase boundary.
In folded-chain crystals, in general, the number of molecules which
cross the crystalline–amorphous interface is reduced by frequent
adjacent re-entry of chains at the crystal top and bottom surfaces,
forming folds. In fringed micelles, in contrast, the number of phase-
traversing molecules per unit area is increased, which is indicated by
a (5–10)� higher specific surface free-energy than in case of a fold
surface [1–3]. The coupling of phases, i.e., the surface structure of
crystals, affects properties of both crystalline and amorphous phases,
including the temperature of melting of crystals [3–5], the glass
transition temperature [6–8], or the free volume of the amorphous
phase [9] and controls, therefore, the overall materials behavior [10].
Quantification of the covalent coupling of crystalline and amorphous
phases, at present, is by far not achieved, however, essential for full
characterization of the structure and control of the properties of
semi-crystalline polymers. The present study is an attempt to further
develop this field of research by analysis of the link between the
crystalline and amorphous phases in PHB of different molar mass.
All rights reserved.
Quantification of the linkage between crystalline and amor-
phous phases is possible by analyses of the rigid amorphous frac-
tion and of the degree of reversible crystallization and melting.
Molecule segments in the amorphous phase exhibit a reduced
mobility if they are covalently connected with the crystalline phase.
This part of the amorphous phase, commonly, is named rigid
amorphous fraction (RAF), and was identified in numerous
semi-crystalline polymers since it first discovery about 25 years ago
[11–13]. We assume that the restriction of parts of the amorphous
phase depends on the number of chain segments which cross the
crystal–amorphous interface. However, this is not yet unequivo-
cally proven by experiment, since a variation of the crystal-surface
structure, i.e., of the number of phase-crossing chains, independent
of crystallinity, crystal size and crystal-defect concentration, seems
impossible. First attempts for establishing a relationship between
the crystal morphology and RAF at least demonstrated that the RAF
indeed is controlled by the specific crystal-surface area and the
perfection of crystals [14–16].

A different option to access information about the crystalline–
amorphous interface in semi-crystalline polymers is the analysis of
the degree of reversible melting and crystallization [17,18]. Revers-
ible melting and crystallization in semi-crystalline polymers is
denoted to melting and crystallization, which does not need
nucleation, and which occurs therefore path-independent in equi-
librium with temperature. Reversible melting and crystallization
only is possible at the surface of crystals, employing selected
molecule segments which are kept in a state of lowered entropy
when melted. Reversible melting and crystallization has been
identified to occur at fold-surfaces of crystals of polymers which are
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able for chain-sliding diffusion [19–21] and, as a general phenom-
enon, at the lateral growth-faces [22–24]. The degree of reversible
melting and crystallization, which is the amount of phase-converted
matter per temperature change [25], has been shown to be signifi-
cantly affected by the crystal morphology [26–28]. This conclusion
was derived by systematic investigation of reversible melting and
crystallization of extended-chain crystals, folded-chain crystals and
fringed micelles, which, in that order, get increasingly coupled to the
surrounding amorphous phase. As a result of the increasing covalent
linkage between phases, the degree of reversible melting was
increased. In the present study, we intend to test whether reversible
melting can be used as a probe for analysis of the fine-structure of
the crystalline–amorphous interface of PHB of different molar mass,
and whether reversible melting is related to the RAF.

We selected for the present study PHB since it shows reversible
melting and forms a RAF [13,29–34]. For example, calorimetric
analysis of structure formation during isothermal cold-crystalliza-
tion at 296 K led to the conclusion that the RAF forms and vitrifies
during crystallization. After completion of the crystallization
process, the sample consisted of 64% crystalline phase, 24% RAF,
and 12% mobile amorphous fraction (MAF) [29,30]. In the same
study, PHB was quenched below the glass transition temperature,
which yielded an initially completely amorphous sample. Subse-
quent, slow heating triggered cold-crystallization at about 300 K,
and melting at temperatures close to 450 K. Within the tempera-
ture range of final melting, considerable excess-apparent-heat
capacity was detected, which indicated reversible melting. Corre-
lations between RAF, degree of reversible melting, and the crystal
morphology were not established.

In order to identify such a relation in the present work, we
employed two, molecularly well-defined PHB of different molar
mass of 5 and 437 kDa (PHB-5000 and PHB). Both preparations are
semi-crystalline, and form on melt-crystallization folded-chain
lamellae, which are arranged within spherulites [35–37]. With the
analysis of the RAF and of the degree of reversible melting, we intend
to prove different coupling of folded-chain crystals and amorphous
structure in these specimen. Reduced coupling is expected in PHB-
5000, since recent X-ray analyses of the crystal thickness led to the
conclusion that the length of loose ends or cilia, respectively, prob-
ably is reduced to the non-crystallizing end-groups.

In the first part of this work, we describe the crystallization of
PHB-5000 from the glassy state, which allows generation of
samples of different crystallinity. In the second part, crystallization
from the liquid state of both PHB-5000 and PHB is explained. The
analysis of the RAF and of reversible melting is presented in next
chapter, followed by a discussion in terms of the crystal
morphology and the crystalline–amorphous interface.

2. Experimental

2.1. Materials

Natural PHB with a mass-average molar mass of 437 kDa and
a polydispersity of 1.67 was obtained by Sigma Aldrich (Cat number
36,350-2, Lot number S17920-224). The PHB of molar mass of 5 kDa
(PHB-5000) was purchased from Polysciences (Cat number 16938,
Lot number 557223), and is terminated by an allylic group and
a carboxylic group.

2.2. Instrumentation

2.2.1. Standard differential scanning calorimetry (DSC)
We used a power-compensation-type DSC 7 from Perkin–Elmer,

which was equipped with the cryogenic cooling accessory CCA 7,
using liquid nitrogen as coolant. Furnaces were purged with
gaseous nitrogen at a flow rate of 35 mL min�1. The heat sink
temperature was 213 K, which was selected to ensure accurate
analysis of the glass transition at about 270–280 K. The instrument
was calibrated with respect to temperature and heat-flow rate,
using standard procedures, as are described in text books [38,39].
Heat-flow-rate raw data were converted into apparent specific heat
capacities after subtraction of an instrumental baseline, measured
under identical conditions as the sample, and ensuring identical
mass of pans in the baseline- and sample-runs. Apparent-heat-
capacity data finally were corrected using sapphire as standard. We
used 20 mL aluminum pans from Mettler-Toledo for encapsulation
of the samples. The sample mass, typically, was 2–5 mg, and the
rate of heating was 20 K min�1, if not stated otherwise. Standard
DSC was employed for analysis of the RAF, and the determination of
the enthalpy-based crystallinity of samples. Details about the
calculation of the RAF and of the crystallinity as a function of
temperature are described elsewhere [8,40,41]. For the crystal-
linity-calculation, a bulk heat of fusion of the PHB crystal of
146 J g�1 was used [35].

2.2.2. Temperature-modulated differential scanning
calorimetry (TMDSC)

The determination of the degree of reversible melting and
crystallization is based on the measurement of the heat capacity in
the absence of irreversible processes. This requires prior equili-
bration of structure, which can only be achieved by isothermal
experimentation [42]. Any variation of temperature in semi-crys-
talline polymers triggers renewal of irreversible equilibration, and,
consequently, reversible and irreversible processes overlap. The
heat capacity was measured using quasi-isothermal temperature
modulation with an amplitude of 1 K, i.e., an amplitude which is
sufficiently small to allow equilibration of structure. The modula-
tion period was 120 s. Similar as in standard DSC, modulated heat-
flow-rate raw data were corrected for instrumental asymmetry
before conversion into apparent heat capacities, and finally cor-
rected by sapphire. Details regarding the data reduction by discrete
Fourier transformation are described elsewhere [43]. Reversible
melting and crystallization is recognized by detection of excess
heat capacity. Excess heat capacity is defined as difference between
the measured, apparent heat capacity, after structural equilibrium
has been achieved, and the expected, vibration-based heat capacity
of the semi-crystalline sample.

2.2.3. Atomic force microscopy (AFM)
For PHB of high molar mass, formation of lamellae and of

higher-order, spherulitic structure is well-documented in the
literature [35,36,44]. The spherulitic superstructure of melt-crys-
tallized PHB-5000, we investigated recently [37]. Microscopic data
about the crystal morphology of low molar mass analogues of PHB
were gained on solution-crystallized preparations [36,45],
however, are not available yet for the specific, melt-crystallized
PHB-5000 of the present work. Therefore, we employed AFM for
validation of formation of lamellae in PHB-5000 in the present
study. Specimens were crystallized in presence of mica, which
served as a substrate for generation of a smooth surface, using an
identical temperature–time profile as in DSC-crystallization
experiments. The AFM was a Quesant Q-Scope 250 with
a 40 mm� 40 mm scanner. We used standard silicon cantilevers NSC
16, with a force constant of 40 N m�1 and resonant frequency of
about 170 kHz. Images were collected in non-contact mode.

3. Results and initial discussion

3.1. Crystallization of PHB-5000 from the glassy state

Fig. 1a shows the apparent specific heat capacity of PHB-5000 of
different crystallinity as a function of temperature in the
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Fig. 1. Apparent specific heat capacity of PHB-5000 of different initial crystallinity as a function of temperature, obtained on heating at a rate of 20 K min�1: (a) overview; (b)
enlargement of (a), showing details of the glass transition and of cold-crystallization.
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Fig. 2. Apparent specific heat capacity of PHB-5000 as a function of temperature in the
temperature-range of the glass transition. The thick solid curve was obtained on fully
amorphous PHB-5000 by standard DSC, and the symbols represent heat-capacity data
of cold-crystallized (open squares), and cold-crystallized and at 403 K annealed PHB-
5000 (filled squares), obtained by TMDSC. The thin lines are heat capacities of fully
solid and liquid PHB.
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temperature-range between 250 and 450 K, observed on heating at
a rate of 20 K min�1. Fig. 1b is an enlargement, showing details of
the glass transition and subsequent cold-crystallization. Samples of
different initial crystallinity were prepared by quenching liquid
samples from 473 to 290 K, and cold-crystallization for different
periods of time at 300 K. Isothermal cold-crystallization was
completed after about 60 min, and led to a semi-crystalline sample
with a degree of crystallinity of close to 60%. Interruption of the
cold-crystallization, before it was completed, by cooling to 238 K,
i.e., to a temperature lower than the glass transition temperature,
allowed preparation of samples of variable crystallinity for subse-
quent analysis of the RAF. The thick solid line in Fig. 1 represents
data, which were obtained on a fully amorphous sample. The glass
transition is observed at about 274 K, and is superimposed by an
endothermic enthalpy relaxation. The heat capacity increases on
devitrification by about 0.5 J g�1 K�1, which is the expected incre-
ment for a fully amorphous sample [29]. Further heating triggers
cold-crystallization, which starts at about 300 K, and melting which
is completed at about 440 K. The thin solid lines are data which
were collected on semi-crystalline samples with a crystallinity
between 12 and 52%. Increasing the initial crystallinity is connected
with a decrease of the heat-capacity increment at the glass tran-
sition, and a decrease of the heat-of-cold crystallization. The
temperature and heat of final melting do not seem to be affected by
the history of crystallization. The dotted line was obtained on
a sample of almost 60% crystallinity. This preparation, at best,
shows a glass transition which is extremely broadened towards
high temperature. A step-like increase of the heat capacity within
a narrow temperature-range, as in specimens of lower crystallinity,
is not detected using standard DSC. Absence of cold-crystallization
in the vicinity of 300 K indicates that the initial, isothermal cold-
crystallization at 300 K was completed.

Initially quenched and subsequently at 300 K isothermally cold-
crystallized PHB-5000 yielded a maximum enthalpy-based crys-
tallinity of 57%. The crystallinity was further increased to 75% by
annealing at 403 K. Fig. 2 shows with the solid curve the apparent
specific heat capacity of fully amorphous PHB-5000, obtained by
standard DSC, using a heating rate of 20 K min�1. Absence of crys-
tals in this specimen is indicated by matching the heat capacities of
fully solid and liquid PHB [29], before and after devitrification. This
curve ends at 300 K, because the sample was then isothermally
cold-crystallized for a period of 60 min. Subsequently, the sample
was cooled to 238 K, before analysis of the glass transition by
standard DSC and by TMDSC. In Fig. 2, as an example, TMDSC data
are shown with the open squares. The advantage of using TMDSC,
in comparison with standard DSC, is a reduced error in determi-
nation of the heat-capacity increment at the glass transition since
data after sufficiently long quasi-isothermal modulation are not
affected by superimposed irreversible processes. TMDSC data were
recorded up to a maximum temperature of 323 K. The cold-crys-
tallized sample was then further heated to 403 K, isothermally
annealed for a period of 60 min, and cooled again to 238 K. The
subsequent analysis of the glass transition of such a cold-crystal-
lized and at elevated temperature additionally annealed sample
is shown with the filled squares. The increase of the enthalpy-
based crystallinity from 57 to 75%, due to annealing at 403 K, leads
to a further reduction of the heat capacity increment on
devitrification.



Fig. 3. AFM phase-images of cold-crystallized PHB-5000 (left), and cold-crystallized and at 403 K annealed PHB-5000 (right). The image size is 1 mm� 1 mm.
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The crystal morphology of PHB-5000, which initially was crys-
tallized from the glassy state, is analyzed using AFM. The left image
in Fig. 3 was obtained on a sample which was isothermally cold-
crystallized at 300 K, and the right image was obtained after
additional annealing at 403 K. The images were taken at ambient
temperature, and the scan size is 1 mm� 1 mm. Cold-crystallization
results in formation of rather short, and frequently branched
lamellae of extremely low thickness of about 5 nm. Subsequent
annealing at elevated temperature allows thickening of lamellae.
Manual estimation of the thickness suggests values of about 10 nm.
The images furthermore reveal a considerable increase of the
crystallinity as result of annealing.

3.2. Crystallization of PHB-5000 and PHB from the liquid state

Crystallization of PHB-5000 from the liquid state was performed
in order to produce crystals of different morphology and thermo-
dynamic stability, respectively, in comparison to the crystallization
from the glassy state. Crystallization from the glassy state, at high
super-cooling, usually, generates rather small crystals due to the
high number of nuclei, and low critical size of nuclei. Crystallization
from the liquid melt occurs at lower super-cooling, and crystals are
therefore expected to be larger, and perhaps differently coupled to
the surrounding amorphous phase. Samples were crystallized
under non-isothermal conditions at rates of cooling between 1 and
50 K min�1. The maximum temperature of the melt was 448 K,
which needs to be reported, since it affects the kinetics of crystal-
lization. Fig. 4a shows the apparent specific heat capacity of
melt-crystallized PHB-5000 in the temperature-range of the glass
transition. Non-isothermal melt-crystallization at 20 and 50 K min�1

yielded samples with enthalpy-based crystallinities of 70 and 63%,
respectively. From these crystallinity-data, the expected heat
capacity after complete devitrification has been calculated, which is
indicated with the dashed lines of a thickness which is related to
the measured curves. Visual inspection of measured and expected
heat capacities indicates that the devitrification of the amorphous
phase is incomplete at the glass transition of the MAF, i.e., at
a temperature close to 280 K.

Fig. 4b is a similar experiment on PHB of high molar mass. PHB
was heated to 458 K, equilibrated for a period of 3 min, and
subsequently melt-crystallized at different rate of cooling. In Fig. 4b
is shown the subsequent analysis of the apparent specific heat
capacity in the temperature-range of the glass transition, by heat-
ing at 20 K min�1. In this example are presented data, which were
obtained on samples cooled at 10 and 40 K min�1. The crystallinity
of these preparations is 61 and 51%, respectively. The expected heat
capacity after complete devitrification of the amorphous phase is
shown with the dashed lines, as in Fig. 4a. The mismatch between
the measured and expected data proves the existence of a non-
devitrified part of amorphous structure, i.e., of a RAF.

3.3. Rigid amorphous fraction and reversible melting

The heat capacity increment at the glass transition of the mobile
amorphous phase of samples of largely different crystallinity has
been used for calculation of the RAF. Fig. 5 is a plot of the RAF at the
glass transition of the MAF, as a function of the enthalpy-based
crystallinity. The graph includes data of both PHB-5000, and PBH,
as are denoted in the legend. The diagonal line represents the total
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amorphous fraction. The difference between this line and the RAF
data identifies the MAF. The RAF of PHB-5000 is almost indepen-
dent on the crystallinity, and is at best about 5–10% of the total
structure. The RAF of PBH of high molar mass is about 20% of the
total structure, i.e., it is about twice the RAF of PHB-5000. As a guide
for the eye, we have included in Fig. 5 horizontal lines, which allow
an easier comparison of the RAF in PHB-5000 and PHB. The RAF
data, which we obtained on PHB (open squares) agree well with
data of an independent study (filled square), which revealed 24%
RAF for cold-crystallized PHB of 64% crystallinity [29]. Despite we
observed different RAF in PHB-5000 and PHB, the total amount
must be considered as rather low. Fig. 5 contains, for comparison,
RAF data of poly(ethylene terephthalate) (PET), which were
collected in a recent study [16]. The RAF in PET is considerably
larger than in PHB of similar, low crystallinity. The low absolute
amount of RAF in PHB and PHB-5000 results in a relatively large
error of measurement. In particular the data observed on samples
of PHB-5000 which were crystallized from the glassy state reveal
the typical error of heat capacity measurements with the used
instrumental setup. The maximum heat-capacity increment at the
glass transition of the MAF is 0.5 J g�1 K�1. Allowance of an
instrumental inaccuracy of �0.02 J g�1 K�1 yields a minimum error
of the RAF of �4%. For this reason, we consider the RAF data of the
present work at best as semi-quantitative.

Fig. 6 shows the apparent specific heat capacity of PHB-5000
(filled squares) and PHB (open symbols, stars) as a function of
temperature, in the temperature-range of final melting. Data were
collected by quasi-isothermal TMDSC, after structural equilibrium
has been achieved. PHB-5000 was non-isothermally melt-crystal-
lized at a rate of cooling of 1 K min�1, and subsequently heated
stepwise at the same rate, in between the quasi-isothermal
temperature-modulation segments. The crystallinity of 73% of this
sample, after completed crystallization, was estimated by standard
DSC, using identical rates of temperature change, and omitting the
quasi-isothermal segments. Similarly, PHB was non-isothermally
melt-crystallized, using different rates of cooling between 10 and
40 K min�1. Despite the rate of cooling slightly affected the
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crystallinity, the equilibrium-apparent-specific-heat capacity on
subsequent melting is indifferent of this parameter. The data of
Fig. 6 reveal occurrence of reversible melting and crystallization,
which is concluded from the detected excess heat capacity, i.e., heat
capacity of the meta-stable, equilibrated samples in excess of the
vibrational heat capacity. For PHB-5000, the vibrational heat
capacity is shown with the dotted line. Accordingly, the maximum
excess heat capacity of this sample is about 0.3 J g�1 K�1. For PHB,
most striking, the estimated maximum excess heat capacity is
about 1 J g�1 K�1, i.e., it is more than 3� larger than in PHB-5000.
Further support for observation of a distinct effect of the length of
molecules on the maximum excess heat capacity is provided with
recently collected data [46], which were obtained on a specific
semi-crystalline sample of molar mass of 500 g mol�1 (gray
squares). In this case the maximum excess heat capacity is even
lower than in case of PHB-5000.

4. Final discussion and conclusions

Recent research of the crystallization and melting behavior and
of the structure of PHB provided evidence for reversible crystalli-
zation and melting, and for formation of a rigid amorphous fraction
in semi-crystalline preparations [13,29–34]. Reversible crystalliza-
tion and melting and formation of a RAF both must be considered as
measures of the covalent linkage between the crystals and
surrounding amorphous structure. In the present study, we extend
the research on PHB, and attempt to explore the effect of the chain
length on the covalent linkage between the crystalline and amor-
phous phases. The experimental data of Figs. 5 and 6 show that PHB
of high molar mass exhibits a considerably larger RAF and degree of
reversible melting, despite similar crystallinity and crystal shape as
in case of PHB-5000. The PHB of molar mass of 5 and 500 kDa,
which can be employed for a comparison, exhibit an approximate
crystallinity of 60–70%, and show formation of lamellae as domi-
nant crystal form, organizing in a spherulitic superstructure. These
information justify the assumption of similar total area of the
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bottom and top surfaces of crystals in both PHB of largely different
molar mass. The observation of different RAF and degree of
reversible crystallization and melting must then be attributed to
different structure of the top and bottom crystal surfaces.

The contour length of molecules in PHB-5000 and PHB is about
17–20 and 1700 nm, respectively, assuming a conformation of the
molecules as in the crystalline state [35,47]. The crystal thickness in
both PHB-5000 and PHB, typically is 5–10 nm [35,37]. These
information allow to conclude that the occurrence of tie-molecules,
and of long-chain cilia in PHB-5000 is negligible. Even if the
molecule contributes to only two stems, i.e., if it forms only a single
fold, then the remaining average length of the molecule, which
enters the amorphous phase is much less than 5 nm. In PHB of high
molar mass, in contrast, formation of tie-molecules, long-chain
cilia, and wide loops is not restricted a priory by the length of the
molecules. On the other hand, a decrease of the molar mass to
500 g mol�1 results in formation of extended-chain crystals [37].
Covalent coupling between crystals and amorphous phase is then
minimized and even less evident than in PHB-5000, as is indicated
by the reduced degree of reversible melting and crystallization
(Fig. 6) [46].

Fig. 7 is an illustration of the structure of lamellae and its linkage
to the amorphous phase in PHB-5000 (left) and in PHB (right). The
circles in the sketch of the structure of PHB-5000 represent the
two different end-groups of the molecule. The thickness of the
crystalline and amorphous layers is selected to achieve a linear
crystallinity of 60%, and the gray-shaded layers at the bottom and
top surfaces of crystals visualize the RAF, approximating the results
of Fig. 5. In PHB-5000, the immobilization of the amorphous phase
due to presence of crystals is negligible, i.e., the ratio between RAF
and MAF is less than unity. In PHB of high molar mass, the crys-
talline and amorphous phases are coupled to distinctly higher
degree due to a larger number of molecules which simultaneously
are part of both phases, indicated with the bold-drawn molecules
in Fig. 7.

The RAF data of Fig. 5 provide information about the phase
composition in PHB-5000 and PHB. The exact nature of the crys-
talline–amorphous interface, however, cannot be directly derived
from these data. In other words, further analytical evidence is
required to support our view of the fine-structure of the crystal
surfaces, as is suggested with the illustrations in Fig. 7. In the
Fig. 7. Sketch of the structure of lamellae and its link to the amorphous phase in PHB-
5000 (left) and PHB (right). The thickness of the crystalline layer, and of the rigid and
mobile amorphous layers, approximate the phase composition of preparations of 60%
crystallinity.
present study we employed an analysis of the degree of reversible
crystallization and melting for characterization of the structure of
the crystal basal planes. Reversible crystallization in polymers is
suggested to occur by crystal growth in chain direction [19–21], or
in lateral direction [22–24]. Reversible crystal growth in chain
direction, we do not consider as the major mechanism in the
present case since it requires mobility of amorphous molecule
segments near the crystal basal planes, in combination with capa-
bility of the polymer to perform chain-sliding diffusion through the
crystal. Reversible crystallization and melting at the lateral surfaces
of crystals by attachment/detachment of complete stems, in
contrast, is not restricted by presence of a RAF at the crystal basal
planes, and the capability for intra-crystalline chain-diffusion. The
only requirement for nucleation-free, reversible crystallization and
melting of molecule segments at existing lateral crystal faces is the
preservation of a state of lowered entropy after melting, in order to
avoid repeated molecular nucleation before it can re-crystallize [4].
Preservation of a state of a lower entropy of the particular molecule
segment, which crystallizes and melts reversibly, for instance, may
be achieved if the molecule does not melt completely, i.e., if there
remains a molecular nucleus. This can be achieved by covalent
linkage of the reversibly crystallizing/melting molecule segment to
different crystals, if it is a tie-molecule, or to other parts of the same
crystal, if there is evident a wide loop at the fold surface. The data of
Fig. 6 explicitly support this view of the process of reversible
crystallization and melting. The maximum reversible change
of crystallinity per Kelvin temperature change is 0.7% K�1

(¼ 1 J g�1 K�1/146 J g�1�100%) in PHB of high molar mass, and only
0.2% K�1 (¼ 0.3 J g�1 K�1/146 J g�1�100%) in PHB-5000. Fig. 8
summarizes the main structural details of the crystal surfaces in
PHB-5000 (left) and PHB (right). It shows with the top sketches
a crystal before initiation of melting by a small increase of
temperature, as was realized in the TMDSC experiment. At the
lateral crystal face, an unstable patch of three stems is assumed
to melt on heating, as is indicated with the bottom sketches. In
PHB-5000, melting of a three-stem patch involves melting of
the complete molecule, which immediately adopts the entropy of
the liquid. Subsequent cooling does not allow crystallization/
attachment of this molecule since it requires renewed molecular
Fig. 8. Sketch of the surface structure of lamellae in PHB-5000 (left) and PHB (right),
and its effect on reversible melting and crystallization. Details are explained in the text.
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nucleation. In PHB of high molar mass, in contrast, melting of such
a patch is not connected with a loss of the molecular nucleus due to
remaining entropy-reducing covalent linkage. Therefore, nucle-
ation-free crystallization can be observed on cooling.

Similar results regarding the effects of the length of molecules,
crystal morphology, and linkage/coupling to separate phases on
reversible crystallization and melting were obtained on poly-
ethylene [26], polytetrafluoroethylene [27], or poly(oxyethylene)
[48]. From this point-of-view we consider the analysis of reversible
melting and crystallization of PHB of different chain length in the
present work as a further evidence for validity of the concept of
molecular nucleation during polymer crystallization. A major
advance in excess to previous research is the consistent description
of characteristic differences of the structure of the surface of crys-
tals in PHB of different chain length, using independent concepts of
characterization. The analysis of the mobility of the amorphous
phase, and the analysis of reversible crystallization and melting
both allow to draw qualitatively similar conclusions about the
coupling of crystals and amorphous phase in semi-crystalline
polymers.
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