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ABSTRACT: Reversible crystallization and melting in isotactic polypropylene are suggested to occur at
the lateral crystal surface by correlation of the amount of reversibility to the structure observed by atomic
force microscopy. The degree of reversibility is monitored on heating using temperature-modulated
differential scanning calorimetry. It changes with the crystallization conditions on cooling from the melt.
In quenched samples the reversing fraction of the heat flow rate is considerably higher than in well-
crystallized specimens. On heating, reversible latent heat develops, starting at about 300 K, just above
the glass transition, and continues up to the final melting peak. Irreversible processes in the same
temperature range have been separated from the reversible effects and involve cold crystallization,
annealing, and a phase transition from the quenched mesophase to the stable crystal form. Because of a
similar enthalpy-based crystallinity and crystal thickness in the final melting range above ≈400 K, the
difference in reversibility of crystallization and melting can be explained by the observed differences in
crystal morphology. The slowly cooled sample consists of well-organized, laterally extended lamellae,
while the quenched sample has a distinctly globular crystal morphology which permits an increased lateral
surface area. Differential scanning calorimetry yields the temperature dependence of the crystallinity,
and temperature-resolved X-ray scattering is employed to monitor changes of the crystals during heating.

1. Introduction

Isotactic polyproyplene (iPP) exhibits different crystal
structures and crystal morphologies as a function of
crystallization conditions. Cooling from the melt at low
or moderate cooling rates leads usually to the formation
of the thermodynamically stable monoclinic R-poly-
morph1 with a 2*3/1 helical conformation of the mol-
ecule. The pseudohexagonal â-structure 2-4 can be
observed after crystallization at higher cooling rates or
by heterogeneous nucleation using specific â-nucleators,
and an orthorhombic γ-structure3,5,6 develops preferen-
tially in low molecular mass fractions or during crystal-
lization at elevated pressure. At extremely high cooling
rates, i.e., by quenching to ambient or subambient
temperatures, a mesomorphic, conformationally dis-
ordered structure can be observed which is easily
recognized by the absence of sharp crystalline reflec-
tions; i.e., one detects no obvious long-range order in
the wide-angle X-ray diffraction pattern. The enthalpy
of the quenched samples reaches a similar level as found
in semicrystalline R-polypropylene, somewhere inter-
mediate between the high enthalpy of the melt and the
(calculated) low value for 100% crystallinity. This proves
that there must be a considerable degree of order
between neighboring chains. Infrared spectroscopic
studies verify short-range order in quenched iPP with
an almost identical conformation as in the R-poly-
morph.7 The structure of the mesomorphic phase in
quenched specimens was identified by the term “smec-
tic”, to point to an array of chains with a better order
in longitudinal than in transverse chain direction.8
Later research revealed that the structure of the me-

somorphic phase is close to the structure of the mono-
clinic R-form, although an unequivocal consent was not
achieved.9-12 The crystallization of the R-form from the
melt occurs via chain folding and the formation of a
lamellar superstructure. Depending on the crystalliza-
tion temperature, crosshatching of iPP lamellae is
observed as a unique feature. Branching of lamellae
during radial growth within a spherulitic superstructure
occurs at the lateral {010} surfaces by homoepitaxial
and tangential spherulitic growth.13-17 The mesomor-
phic phase of quenched samples is characterized by a
considerably smaller size of the crystalline domains into
nanocrystals of about 100-200 Å if observed by electron
microscopy and electron diffraction12 or 30-50 Å if
calculated from the line broadening of the wide-
angle X-ray scattering (WAXS).10,11 The crystallinity of
quenched specimens is on the order of 35-40%, and the
originally grown, small and conformationally disordered
crystals anneal and reorganize by helix reversals to
larger crystals.18,19 The equilibrium melting tempera-
ture of the R-polymorph of iPP is 460.7 K, the heat of
fusion is 8.7 kJ mol-1, and the glass transition of the
amorphous iPP is at 270 K, broadenend to higher
temperature on partial crystallization, while the heat
of transition from the conformationally disordered me-
sophase to the R-polymorph is only -0.6 kJ mol-1.20,21

The mesophase is metastable at temperatures below
about 340 K; at room temperature it should be called a
glassy mesophase.19

Isotactic polypropylene shows, in addition to irrevers-
ible crystallization and melting, a small amount of
thermodynamically truly reversible crystallization and
melting. Reversible crystallization and melting on poly-
mers was quantitatively investigated in the past mainly
by temperature-resolved small-angle X-ray scattering
(SAXS) on well-crystallized polyethylene (PE)22-25 and
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by temperature-modulated differential scanning calo-
rimetry (TMDSC) on poly(ethylene terephthalate)
(PET),26,27 poly(oxyethylene) (POE),28 poly(ether ether
ketone) (PEEK),29 polycaprolactone (PCL),29,30 poly-
(ethylene-co-1-octene),31 poly(ethylene-co-1-hexene),32

poly(tetrafluoroethylene) (PTFE),33 poly(trimethylene
terephthalate) (PTT),34 different paraffins as model
compounds,35 and polyethylene.36 A series of six revers-
ible and irreversible contributions to an apparent heat
capacity have been identified as reversible vibrational
and conformational contributions to the heat capacity
(1 and 2, respectively). The reversible crystallization and
melting (3) are separated from the irreversible primary
(4) and secondary (5) crystallization and melting and
finally the various irreversible annealing and crystal
perfection processes (6).31 In the present paper the
reversible crystallization and melting (3) are separated
from the other possible components to the apparent heat
capacity and addressed as local thermodynamic equi-
libria at the crystal surface since the kinetic require-
ments of primary crystal, secondary, and molecular
nucleation prior the crystallization would need super-
cooling.37 For poly(ethylene-co-1-octene) reversible crys-
tallization and melting has been suggested on the basis
of standard DSC and TMDSC to occur on crystal
surfaces or in intercrystalline regions.38 Recently, the
SAXS experiments of the earlier studies on poly-
ethylene22-25 with rather large temperature amplitude
have been repeated with smaller amplitude, to be
comparable to the temperature profiles in TMDSC.39

The simultaneously recorded wide-angle and small-
angle X-ray scattering point to a reversible temperature-
triggered modulation of the crystallinity by variation
of the crystal thickness of the lamellae at relatively high
temperatures. The reversible crystallinity change ob-
tained by X-ray scattering is about twice of the crystal-
linity change recorded by TMDSC. The mismatch was
interpreted by a lowered heat of reversible transition,
compared to the heat of irreversible melting/crystalliza-
tion. The authors, however, did not discuss that {001}
and related surfaces may accumulate larger concentra-
tions of conformational defects close to the melting point
which would yield reversible effects of type (2) to the
apparent heat capacity and may cause the reversible
increase of the lamellar thickness.36,40

In general, one assumes that the degree of revers-
ibility of crystallization and melting is controlled by the
constitution of the macromolecule and by the crystal
morphology. One major influence of the molecular
architecture is the capability of selected polymers to
perform sliding diffusion of the chains within the crystal
as the dominant mechanism for crystal thickening.41,42

Polyethylene and poly(ethylene oxide) (PEO) are con-
sidered to have a high capability to undergo such sliding
diffusion, whereas in iPP, PET, and PCL sliding diffu-
sion is limited, and in syndiotactic PP no sliding
diffusion was observed. In addition to the effect of the
chemical structure, we have proven that the crystal
morphology has a major effect on the degree of revers-
ibility of crystallization and melting. It was qualitatively
shown for a POE that the degree of reversibility of
crystallization and melting increases if crystals are
formed which are in a nonequilibrium condition, by
variation either of the molar mass or of the crystalliza-
tion conditions.28 A quantitative relation between the
degree of reversibility of crystallization and melting, the
crystallization conditions, and the resulting crystal

morphology has been established for poly(ethylene-co-
1-octene) and revealed an increased degree of revers-
ibility by about 10% if the cooling rate during main
crystallization was increased by 1 order of magnitude.31

The absolute value of reversible melting after cooling
at 10 K min-1 from the not nucleated melt was about
0.1% K-1 at 298 K.31 With increasing cooling rate, we
have seen more and smaller, less perfect crystals which,
together with the observation of an unchanged en-
thalpy-based crystallinity, explain the degree of revers-
ibility of crystallization and melting to be controlled by
the surface-to-volume ratio of the crystals without an
unambiguous identification of the active surface.31

We selected in the presented study iPP to further
probe the influence of the crystal morphology on the
degree of reversibility of crystallization and melting
under the condition of reduced sliding diffusion. Crystals
of a different surface-to-volume ratio are created by
variation of the crystallization conditions without sig-
nificantly different overall crystallinity at elevated
temperature, and we expect, thus, an effect on the
degree of reversibility of crystallization and melting
(effect 3). We consider this study as a continuation of
our previous work to gain more insight into the mech-
anisms of the reversible crystallization and melting.

2. Experimental Section

2.1. Material. The material used in this study is a com-
mercially available iPP of type KF 6190 H with an isotacticity
index of 95-96% (Montell Polyolefins). The mass-average
molar mass and the polydispersity are 373 kg mol-1 and 6.2,
respectively, and the melt flow rate is 3.3 g (10 min)-1 (503 K,
2.16 kg).43 Thin films of thickness of about 200-300 µm were
prepared in a Perkin-Elmer hot press and subsequently
quenched in a mixture of dry ice/ethanol or ice water. Samples
of different thermal history were prepared using the initial,
quenched films via melting and recrystallization within a
calorimeter or an X-ray temperature chamber, as described
below.

2.2. Instrumentation. Standard differential scanning cal-
orimetry (DSC) and temperature-modulated DSC (TMDSC)
were performed using a Mettler-Toledo DSC 820 with a
ceramic sensor FRS 5, equipped with a liquid nitrogen acces-
sory. The furnace was purged with dry nitrogen at a flow rate
of 80 mL min-1. The large pan of 40 µL with a center pin was
used in combination with the lid of the 20 µL pan in order to
have maximum heat transfer into the thin sample from the
top as well as from the bottom. The rate of temperature change
was 10 K min-1, if not stated otherwise. Temperature was set
by the onset temperatures of melting of indium and zinc, and
the heat flow rate was initially calibrated using the heat of
fusion of indium. The apparent, total heat capacity was
calculated from the heat flow rate after baseline correction and
after a final calibration using a sapphire standard. The
calculation of the temperature dependence of the enthalpy-
based crystallinity was done by stepwise integration of the
experimental apparent heat capacity down to an actual,
crystallinity-corrected thermodynamic heat capacity baseline
and normalization with the temperature-dependent enthalpy
of fusion.44,45 The enthalpy of fusion and thermodynamic heat
capacity data were taken from the ATHAS database.46 The
TMDSC was performed using a sawtooth modulation of the
program temperature with a modulation period of 240 s and
a modulation amplitude of 1.0 or 2.0 K. The underlying heating
rate 〈q〉 was 1 K min-1 or zero. The latter apply to quasi-
isothermal experiments. The apparent reversing heat capacity,
Cp

#,rev, was calculated as47-49

Cp
#,rev )

AΦ

ωATS
K(ω) (1)
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with AΦ and ATS representing the amplitudes of the first
harmonic of the Fourier series of the heat flow rate and sample
temperature, respectively, ω is the modulation frequency
()2π/period), and K(ω) is a frequency-dependent calibration
function. The value of K(ω) was set to unity since the selected
low frequency of 2π/240 rad s-1 in the case of the used Mettler-
Toledo DSC 820 does not require a frequency calibration.50

The degree of reversibility of crystallization and melting,
∆hf

reversible in % per kelvin, was estimated from quasi-isother-
mal TMDSC experiments after the reversing component of the
total heat capacity had reached equilibrium:51

where cp
excess is the excess specific heat capacity, which is

calculated as difference between the specific, apparent, revers-
ing heat capacity in equilibrium, cp

reversing,∞, and the specific
thermodynamic heat capacity, cp

thermodynamic, and ∆hf
100 is the

enthalpy of fusion of a 100% crystalline sample and is used
as a normalizing factor. Note that the reversing apparent heat
capacity may also contain irreversible latent heat contributions
which are best recognized by long-term quasi-isothermal
TMDSC and analysis of the higher harmonics of the Fourier
series.

Wide-angle X-ray scattering (WAXS) was performed using
a diffractometer URD 63 (Seifert-FPM) equipped with a low-
temperature chamber TTK (Paar KG) and position-sensitive
detector (STOE) and using Cu KR radiation with a wavelength
of 1.5418 Å. The measurements were done in the reflection
mode with the quenched film specimens adjusted in height
by aluminum oxide powder to avoid displacement errors52 and
to guarantee optimum heat transfer conditions between heater
and sample in temperature-resolved experiments. A final check
of the scattering angle was done by simultaneous measure-
ment of the 111-reflection of calcium fluoride as a standard.
The applied heating rate in the temperature-controlled experi-
ments was 1.0 K min-1. The temperature scale was checked
by the melting temperatures of azobenzene and phenacetin
measured by identical heating rates.

Atomic force microscopic studies were done using a Nano-
Scope IIIa of Digital Instruments, Inc., with a standard Si
cantilever, operated in the medium-tapping mode, and apply-
ing identical force and tip for the registration of each image.
We have monitored the amplitude and the phase of the
oscillation of the cantilever. Smooth surfaces of the samples
were prepared by melting between sapphire disks, which are
standard equipment for optical microscopy with a Leitz hot-
stage, and subsequent quenching in a mixture of dry ice and
ethanol or cooling at a rate of 10 K min-1. Images were taken
at ambient temperature before and after annealing at 413 K
for 30 min. The annealing temperature of 413 K was reached
by heating at a rate of 10 K min-1, which permits a correlation
of the calorimetric data to the microscopic images. Alterna-
tively, we prepared samples without cover during melting and
subsequent cooling, which resulted in identical images.

3. Results and Initial Discussion
3.1. General Thermal Behavior and Crystallin-

ity. Figure 1 shows the apparent specific heat capacity
of a quenched sample as a function of temperature
during first heating (thick line), cooling (dotted line),
and reheating (thin line). The symbols represent the
thermodynamic heat capacities of amorphous (0) and
crystalline iPP (]).46 With the help of these amorphous
and crystalline baselines one can make a first assess-
ment of the possible latent heat contributions to the
apparent heat capacity. Both heating runs indicate the
beginning of the glass transition at about 270 K. In the
first heating run, the quenched sample shows a small

endothermic event at about 320 K, somewhat above the
glass transition temperature.19 This is contiguously
followed by a broad, structured exotherm, centered at
about 367 K. It involves the transition of the mesophase
glass to the R-polymorph and additional cold crystal-
lization. Next is the main melting transition, which is
completed at about 435-440 K.

The cooling run at a rate of 10 K min-1 illustrates
the large supercooling of about 40 K before crystalliza-
tion, which is typical for polymers and makes the major
portion of the crystallization and melting transition
irreversible. The subsequent second heating scan re-
veals a very smooth glass transition, completed at about
300 K, followed by melting without detection of any
discrete reorganization or recrystallization ranges. The
temperature and enthalpy of the final melting peak
above 400 K are almost independent of the thermal
history, which shows that structural differences, evident
at ambient temperature, are apparently largely removed
or equalized during the heating of the samples.

Figure 2 shows the calculated changes of the en-
thalpy-based crystallinity as a function of temperature
during heating of the quenched sample and the second
heating run of the sample, which in the following
discussion is referred to as the slowly cooled sample.
The crystallinities are based on the apparent, specific
heat capacities in Figure 1, calculated with the heat of
fusion of the 100% crystalline R-polymorph. The en-
thalpy-based crystallinity of the quenched sample is
about 36% at 298 K, compared to about 53% of the
slowly cooled sample. The first endotherm of the
quenched sample starts at about 310 K and is connected
with a decrease of crystallinity by about 2-3%. Next,
the quenched sample starts to reorganize to the R-poly-
morph at about 350 K with a heat of transition that can
be estimated as being equivalent to about 2% ≈ 33% ×
0.6 kJ mol-1/8.7 kJ mol-1. With the cold crystallization
in the same temperature range, the sample reaches a
maximum crystallinity of 40% at 390 K. The final
melting begins at slightly higher temperature. The

cp
excess ) cp

reversing,∞ - cp
thermodynamic;

100 × cp
excess

∆hf
100

) ∆hf
reversible (2)

Figure 1. Apparent specific heat capacity of quenched iPP
as a function of temperature during heating (first heating, solid
thick line), cooling (dotted line), and reheating (second heating,
solid thin line) at a rate of 10 K min-1. The symbols are
thermodynamic heat capacities of amorphous and crystalline
iPP.
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slowly cooled sample shows a continuous, gradual
decrease of crystallinity which starts at about 320 K.
Its absolute value, however, remains always higher than
the crystallinity of the quenched sample. Just before the
final melting, the crystallinity difference between the
quenched and slowly cooled sample becomes very small;
it is only 3% at 423 K. One could assume that the
structure and morphology of the crystalline phase and
of the surrounding amorphous phase for the two samples
apparently are very similar at this temperature since
the subsequent melting shows practically no difference.

Needless to say, the measurement of the heat flow
rate by standard DSC yields only integral values of
exothermic and endothermic latent heats which are not
resolvable. Furthermore, we have to admit that we rely
on the crystallinity calculations on the heat of fusion of
the perfect crystals of the R-polymorph, which is er-
roneous to some degree for the calculation of the
enthalpy-based crystallinity of the quenched sample at
low temperature, i.e., expressed in vol %, the changes
in crystallinity may be even smaller than indicated.

The endotherm centered at 320 K on heating of the
quenched sample above the glass transition of the
amorphous fraction has the typical appearance of an
annealing peak. This conclusion is verified by stepwise
annealing experiments, illustrated in Figure 3. Both the
quenched and slowly cooled samples were heated at a
rate of 10 K min-1 to 323 K and annealed there for a
period of 40 min, followed by further heating and
annealing at 348, 373, and 398 K for periods of 100 min
each and, at 423 K, for a period of 400 min. Figure 3
shows a small annealing peak about 10-15 K above
each annealing temperature (see the example insert
after annealing at 373 K). After each annealing peak,
the apparent specific heat capacity decreases to the level
of the unannealed sample as can be seen in Figure 1.
The data show that the quenched sample has a much
higher annealing tendency than the slowly cooled
sample. The latter shows distinct annealing only at

temperatures above 348 K. The estimated enthalpy
change for the quenched sample is of the order of 1-5
J g-1; i.e., each step increases the crystallinity by no
more than 1-3%, which is reversed by the subsequent
melting 10-15 K above the annealing temperature.
Note that annealing at any particular temperature leads
to arrested, metastable equilibria; i.e., subsequent
increases of the temperature require new equilibration
of the local structure. This can clearly be seen by the
heating segment of the quenched sample from 348 to
373 K, which ends with a strong decrease of the
apparent heat capacity into the minimum which was
seen in Figure 1; i.e., the effect at about 370 K cannot
be avoided by annealing at 20 K lower temperature. The
reason for the occurrence of arrested metastable equi-
libria can be the requirement of prior melting of
unstable crystals, which is temperature-dependent.
Note that the annealing peaks are only linked to the
cold crystallized or perfected crystals formed at the prior
annealing temperature since there is no effect on the
final melting peak.

The standard DSC was also used to study the heating
rate dependence of the quenched sample. The low-
temperature annealing-peak, the cold crystallization,
and the final melting process were affected and gave
information about the structure of the sample. The low-
temperature melting peak shifts by about 15 K to higher
temperature on increasing the heating rate from 1.0 to
100 K min-1. It is most likely that the superheating of
the imperfect crystals that give rise to the low-temper-
ature endotherm is due to the surrounding amorphous
phase which needs to be sufficiently mobile for quick
fusion. The 320 K annealing peak may be too close to
the glass transition for fast melting.53 The cold crystal-
lization at about 350 K is increasingly suppressed by
higher heating rates. The crystallization may be hin-
dered by the kinetics of crystallization, but also by the
glass transition of the mesophase which precedes the
transition to the R-polymorph. The suppression of the
cold crystallization with increasing heating rate results

Figure 2. Enthalpy-based crystallinity of iPP as a function
of temperature during heating. Samples were prepared by
quenching in a mixture of dry ice/ethanol (lower curve, thick
line) and by crystallization from the melt at a rate of 10 K
min-1 (upper curve, thin line). The calculation was performed
using the apparent specific heat capacity of the first and second
heating scans shown in Figure 1.

Figure 3. Apparent specific heat capacity as a function of
temperature for a quenched sample (thick lines) and a sample
which was cooled from the melt at a rate of 10 K min-1 (thin
lines) during stepwise heating. The samples were isothermally
annealed at 323 K for 40 min, at 348, 373, and 398 K for 100
min and at 423 K for 400 min. The inset shows the heating
segment after annealing at 373 K.
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in a drop of the maximum crystallinity at 390 K by
about 5%. The decreased maximum crystallinity can be
used as a benchmark for poorer crystallization, but a
decrease in the final melting peak position by about
5-10 K observed on faster heating suggests that all
crystals improve during the slower heating, separate
from the increased cold crystallization and reorganiza-
tion of secondary crystals. These observations reveal
clearly that on heating of a semicrystalline polymer one
must separate the discussion of the major population
of primary, high-melting crystals and the secondary,
low-melting crystals. The reversibility of the transitions
in both populations is most likely quite different.

3.2. X-ray Structure during Heating and Anneal-
ing. Figure 4 shows the wide-angle X-ray scattering
diagram of the quenched and slowly cooled samples. The
curves are vertically shifted for better comparison, and
the diffraction peaks of the slowly cooled sample are
indexed.4 The scattering of the quenched sample is
typical for the mesophase of iPP and shows beside the
broad halos no separable crystalline reflections. The
slowly cooled sample reveals the monoclinic R-poly-
morph as is expected for a non-â-nucleated material.
Regardless of the absence of any obvious scattering of
a crystalline phase in the case of the quenched sample,
we have to keep in mind that its enthalpy-based
crystallinity is 36% at 298 K, compared to 53% of the
slowly cooled sample. Therefore, the absence of sepa-
rable crystalline scattering in the case of the quenched
sample must be due to extreme broadening of the
diffraction lines, which need to be assigned to a very
small crystal size and/or to a high concentration of
paracrystalline defects which eliminate the internal
symmetry of the crystalline domains.54

The annealing experiment by DSC in Figure 3 is
repeated by X-ray diffraction in Figure 5a, using a
similar temperature program. The quenched sample
was heated in steps to the annealing temperatures of
373, 403, and 433 K followed by annealing for a period
of 70 min at each step before the sample was finally
melted. The data during the heating segments are
drawn as thin lines, and the data during isothermal
annealing are drawn as thick lines. Parts b and c of

Figure 5 are enlargements of the heating segments from
373 to 403 K and from 403 to 433 K, both with their
subsequent annealing segments. The WAXS data in
Figure 5a show that the mesophase of the quenched

Figure 4. Plot of WAXS data of quenched and slowly cooled
iPP. Peaks are marked by the Miller indices according to ref
4.

Figure 5. (a) Time-resolved WAXS of quenched iPP during
continuous heating at a rate of 1 K min-1 with isothermal
annealing steps. Annealing was performed at 373, 403, and
433 K for a period of 70 min. The thin-drawn lines represent
data obtained during heating, and the thick-drawn lines
represent data obtained during isothermal annealing. (b)
Enlargement of (a), showing the heating segment from 373 to
403 K (thin lines) and the subsequent annealing segment at
403 K (thick lines). (c) Enlargement of (a), showing the heating
segment from 403 to 433 K (thin lines) and the subsequent
annealing segment at 433 K (thick lines).
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sample starts to convert at about 350 K into the
R-structure with typical long-range order, as one could
calculate from the line broadening. At 373 K the
isothermal annealing indicates within the first 5 min a
very limited continuation of the conversion. No ad-
ditional structural change is evident at the later times.
Further heating from 373 to 403 K (Figure 5b) shows
unchanged scattering for about 10 K (three scans,
denoted as 1) before a further increase of the intensity
of crystalline peaks reveals continued crystallization (2).
The subsequent annealing at 403 K shows again only a
very slight increase of the crystalline intensity in the
beginning of the isothermal segment. The heating
segment from 403 to 433 K (Figure 5c) shows again
delayed continuation of the crystallization (1), continued
crystallization (2), and, at about 423 K, beginning of
melting (3). The melting process, however, gets dis-
rupted by turning into the isothermal segment at 433
K, and the crystallinity increases again (4). Note that
the apparent decrease of the intensity of the peak at
21.4 deg (2θ), on heating from 403 to 433 K, is not due
to a decreasing crystallinity, but rather a further
splitting of the 111 and 131h/041 reflections. Finally,
further heating converts the crystalline phase into the
melt, as seen in Figure 5a.

The X-ray data can be explained in the context of the
DSC discussion in the previous section. The beginning
of the cold crystallization is detected by WAXS and by
DSC at about 350 K, independent of the different
heating rates of 1.0 and 10 K min-1. The crystallization
is strongly controlled by the actual temperature which
only permits the equilibration of the structure into the
arrested, metastable equilibrium. We have seen by DSC
the very limited crystallinity increase on isothermal
annealing by 3% or less, which coincides with the X-ray
data, shown in particular in Figure 5b. The intensity of
the crystalline peaks within the isothermal segment
(thick lines) is almost unchanged and shows a minor
increase just in the beginning of the annealing segment
(see mark 3 in Figure 5b). Heating after annealing
starts with a constant peak height (see mark 1 in Figure
5b,c), which goes along with the observed melting of the
annealed crystals in the DSC analysis (the annealing
peak in Figure 3). Further heating requires a new
equilibration of the structure which in the case of the
quenched sample is the continuation of secondary
crystallization and crystal perfection (see mark 2 in
Figure 5b,c). We are aware that the judgment of the
recrystallization based on the peak maxima in the
WAXS data is qualitative. It is clear that we cannot
distinguish in this way between line-broadening effects
and integral intensity effects. We know that it would
perhaps be possible to separate secondary recrystalli-
zation and reorganization but consider such an accurate
peak profile analysis as a separate study.

3.3. Morphology by AFM. Figure 6 shows AFM
micrographs of the slowly cooled sample before (a) and
after annealing (b) and of the quenched sample before
(c) and after annealing (d). Annealing was performed
at 413 K for a period of 30 min. The slowly cooled sample
(10 K min-1) (Figure 6a,b) exhibits a typical cross-
hatched morphology of well-grown lamellae. The thick-
ness of the lamellae before annealing is about 150-175
Å, and the lateral size in one direction is more than 1000
Å. The estimated long period L is about 200-300 Å and
agrees reasonably well with the long period of 153 Å,
which was obtained within a separate SAXS study using

synchrotron radiation.55 The lamellae thicken consider-
ably during annealing to about 200-300 Å, which is
consistent with earlier reports.13 The quenched sample
(Figure 6c,d) shows no organized crystalline-amor-
phous superstructure; i.e., neither lamellae nor distinct
particle-shaped crystals are observed. The structure can
at best be described to consist of regions of different
structural order, perhaps of very small particles within
a matrix of mesomorphic and/or amorphous structure.
The small-angle X-ray scattering of the quenched sample
revealed a Bragg distance of 81 Å, which points to the
smallness of the crystalline domains but cannot un-
equivocally support the AFM micrograph. In Figure 6d
we can see that, during heating of the quenched sample
to 413 K and subsequent annealing for 30 min, particle-
like crystals develop with a size of about 200-300 Å.

The morphology of the particular polypropylene which
is used in this study and the results of the different
thermal treatments and crystallization conditions are
in good agreement with earlier studies. The crystalline
domains in quenched iPP at ambient temperature
exhibit a smectic symmetry with a size of about 75-
100 Å56 or a monoclinic symmetry with a size of about
100-200 Å.12 The latter study gave also evidence of the
existence of regions of “low level of crystalline order”,
which strongly supports our findings. Annealing at
temperatures below the R-relaxation process, i.e., below
about 393 K, does not change the domain size signifi-
cantly, in contrast to annealing at temperatures above
393 K. After annealing at 411 K, the microcrystalline
morphology is maintained, and the size of the nodules
was reported to be increased to about 200-300 Å, with
a tendency for lateral aggregation and merging of these
crystalline particles.56

3.4. Degree of Reversibility of Crystallization
and Melting. The degree of reversibility of crystalliza-
tion and melting has been quantitatively measured by
TMDSC. Figure 7 shows the reversing, apparent specific
heat capacity of the quenched and slowly cooled samples
as a function of temperature during continuous heating
at an underlying heating rate 〈q〉 of 1.0 K min-1. The
reversing apparent specific heat capacity was calculated
from the temperature-modulated heat flow rate accord-
ing to eq 1 with K(ω) ) 1. The applied modulation
amplitude and modulation period were 2.0 K and 240
s, respectively. The reversing apparent specific heat
capacity of the quenched sample starts to get larger
than that of the slowly cooled sample at about ambient
temperature, just above the glass transition. The dif-
ference between the reversing apparent specific heat
capacity of the quenched and slowly cooled samples
gradually increases up to a temperature of ≈350 K,
where the transition to the R-polymorph begins and
remains then close to constant until final melting occurs.
Even in the beginning of the melting range the reversing
apparent specific heat capacity of the quenched sample
remains larger than that of the slowly cooled sample.

The data of Figure 7, however, are of only limited use
since information about true reversibility of a thermally
activated process cannot be extracted quantitatively
from them because of distortions arising from the
possible presence of slow annealing, instrument lags,
and phase transitions which may change with temper-
ature and time.57,58 Nevertheless, qualitatively one can
judge the temperature dependence of partially reversing
processes as filtered by the first harmonic of the Fourier
series of the raw heat flow rate and the sample tem-
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perature, as was proposed in the original patent of
TMDSC.59 Below a temperature of about 320 K the
slowly cooled sample has an apparent reversing specific
heat capacity which is only slightly larger than the
thermodynamic heat capacity. The increase beyond the
values of the completely crystalline polymer (]) are due
to the glass transition of the amorphous fraction,
broadened, as usual, due to the partial crystallinity to
about 290 K. No or only negligible irreversible and
reversible latent heat exchanges occur up to 320 K in
the case of the slowly cooled sample; i.e., the reversing
apparent specific heat capacity is at the lowest possible
value up to 320 K. At higher temperatures the reversing
apparent specific heat capacity increases noticeably,
which may be due to irreversible crystallization/melting
within the time scale of the temperature modulation in
addition to possible reversible processes. The quenched
sample, in contrast, reveals an increased irreversible
and/or reversible crystallization/melting starting right
at the end of the glass transition temperature (≈300
K).

More accurate and detailed information can be gained
by the separation of thermodynamically reversible and
irreversible latent heat exchanges using quasi-isother-
mal TMDSC. Quasi-isothermal TMDSC extended over
some sufficiently long time permits the irreversible
processes to equilibrate and then shows the truly
reversible latent heat effect. In Figure 8a the latent heat
contribution to the reversible specific heat capacities of
the quenched sample (0) and of the slowly cooled sample
(9) are plotted as a function of temperature, as obtained
by quasi-isothermal TMDSC after equilibrium has been
reached. The data are normalized by subtraction of the
thermodynamic heat capacity calculated from the values
of the data bank and adjusted to the proper crystallinity.
For comparison, we have added the data of Figure 7,
which were obtained by TMDSC with 〈q〉 ) 1.0 K min-1.
The thick line represents data from the quenched
sample, and the thin line, data from the slowly cooled
sample. The arrows in Figure 8a show the decrease of
the apparent specific heat capacity in both samples due
to the irreversible processes, such as annealing and the

Figure 6. AFM micrographs of slowly cooled iPP before (a) and after annealing (b) and of quenched iPP before (c) and after (d)
annealing. Annealing was performed at 413 K for a period of 30 min.
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irreversible transition to the R-polymorph. We can see
that the degree of the reversibility of the latent heat
exchange decreases in both samples, leading to almost
parallel curves beyond 320 K. The major increase in
reversible effects starts for both samples at about 350
K. The increase in irreversible as well as reversible
latent heat of the quenched sample beyond that of the
slowly cooled sample develops between 300 and 320 K.

A direct comparison of the different degrees of re-
versibility of crystallization and melting between these
two samples of different thermal history is given in
Figure 8b. It presents a plot of the reversing apparent
specific heat capacity of the quenched sample after
subtraction of the thermodynamic specific heat capacity
and the reversing apparent specific heat capacity of the
slowly cooled sample (0). The degree of reversibility of
crystallization and melting of the quenched sample
increases immediately on heating above ambient tem-
perature and reaches a constant offset at 350 K, the
temperature of the beginning of the cold crystallization
process obtained by standard DSC (see Figure 1). At
approximately 380 K we see a further increase in the
difference of reversible latent heats which leads to the
final melting event.

The nonequilibrium data in Figure 8b, given by the
thick line, clearly reveals the irreversibility of the cold
crystallizations and the phase transition to the R-poly-
morph. The dotted line separates the three events as
additional to the otherwise approximately constant
difference. Note that the apparent reversing heat capac-
ity registers both irreversible endotherms as well as
exotherms which are not constant or changing linearly
as positive, since it makes use of the always positive
amplitudes of the first harmonic of the Fourier series
(see eq 1, loss of stationarity57,58). One must, thus,
compare the data with Figures 1 and 7 for full inter-
pretation. The broad maximum can be linked to the first
endotherm, followed by the exotherm, while the remain-

ing additional rise between 340 and 370 K corresponds
approximately to the change from the mesophase to
R-polymorph transition. In addition to these three
effects above the dotted line, the apparent, reversing
specific heat capacity of the quenched sample decreases
further by about 0.1 J g-1 K-1 before becoming fully
reversible at a level substantially above that of the
slowly cooled sample. This further improvement may
be connected to the perfection of all crystals. The
remaining difference, indicated by the shaded area, is
the final difference in reversible melting between the

Figure 7. Reversing apparent specific heat capacity of
quenched iPP (first heating) and of slowly cooled iPP (second
heating) as a function of temperature on continuous heating
at a rate 〈q〉 of 1 K min-1. Heat capacities were calculated from
TMDSC heat flow rate data according to eq 1, with K(ω) ) 1.
The modulation amplitude and period were 2 K and 240 s,
respectively. The symbols are thermodynamic heat capacities
of amorphous and crystalline iPP, as given in the legend.

Figure 8. (a) Reversing apparent specific heat capacity after
subtraction of the thermodynamic specific heat capacity for
quenched and slowly cooled iPP as a function of temperature
(open and filled symbols, respectively). Data by quasi-
isothermal TMDSC after equilibrium has been reached. The
thick and thin lines are reversing apparent specific heat
capacities by TMDSC on quenched and slowly cooled iPP,
respectively (〈q〉 ) 1 K min-1 as shown uncorrected for the
thermodynamic heat capacity contribution in Figure 7). (b)
Reversing apparent specific heat capacity of quenched iPP as
a function of temperature, after subtraction of the thermo-
dynamic specific heat capacity and the reversing apparent
specific heat capacity of the slowly cooled sample. The open
symbols represent data after equilibrium has been reached,
and the thick line shows the TMDSC with 〈q〉 ) 1 K min-1.

Macromolecules, Vol. 34, No. 17, 2001 Isotactic Polypropylene Crystals 5957



quenched and slowly cooled sample. It becomes measur-
able above the glass transition, stays constant up to
about 375 K all throughout the mesophase to R-poly-
morph transition and cold crystallization, and increases
thereafter as major melting begins.

The detailed kinetics of the equilibration is shown in
Figure 9. The reversing apparent specific heat capacities
of the quenched (thick lines) and slowly cooled (thin
lines) samples are plotted in the time domain for a series
of temperatures. Additionally, we have added the ther-
modynamic heat capacity of the liquid amorphous and
the crystal phase to show the distinct offset of the
measured reversing and reversible apparent specific
heat capacities. The data at 233 K, below the glass
transition temperature, and at 473 K, above the melting
temperature, were taken as internal calibration. The
heating rate between the quasi-isothermal annealing
segments was 10 K min-1. The importance of the data,
which are shown in Figure 9, is the (at least) two-step
decay of the nonequilibrium, reversing specific heat
capacity as a function of time. Without overinterpreta-
tion, one can conclude that there is a fast event in the
beginning of every quasi-isothermal run during which
annealing can take place. This fast process is followed
by much slower equilibration. Such a separation is
especially obvious at 348 K, the temperature where a
major portion of the phase transition to the R-polymorph
can take place at constant temperature.

4. Final Discussion and Conclusions

The scope of the presented study was to address the
origin of the reversible crystallization and melting
processes in isotactic PP. We have shown a distinct
dependence of the degree of reversible crystallization
and melting on the crystallization conditions and on the
morphology of the crystalline phase as in a previous
investigation on low crystalline poly(ethylene-co-1-
octene).31 Samples of iPP crystallized from the melt at

higher cooling rates have an increased degree of revers-
ibility of crystallization and melting over the entire
temperature range between the glass transition and
melting temperatures (see Figures 7-9). The quenched
samples exhibit a reversible latent heat exchange of
about 0.85 J g-1 K-1 at 423 K, compared to the slowly
cooled sample with a reversible latent heat exchange
of about 0.65 J g-1 K-1 (Figure 8a). The difference of
0.2 J g-1 K-1 at 423 K cannot be caused by a discrepancy
in crystallinity of the quenched sample (see Figure 2).
In standard DSC (Figures 1 and 3) and in TMDSC
(Figure 7) one sees in this temperature range close to
identical melting on heating of samples of different
thermal history, and even the final heat of fusion is not
largely different. The ultimate melting behavior, fur-
thermore, depends not on the annealing history since
isothermal annealing at lower temperature results in
arrested equilibria (Figures 3 and 5). If one uses the
final melting behavior as benchmark to judge the
crystallinity and the internal structure of the crystals,
one could easily make the mistaken conclusion that at
423 K totally identical structures are evident as the
result of the recrystallization and reorganization pro-
cesses of the quenched sample with an equilibration
toward the structure of a slowly cooled sample.

The temperature of melting, Tm, is usually related to
the heat of fusion of the perfect crystal, ∆hf

100, the fold-
surface free energy, σe, the thickness of the lamellae,
lc, and the equilibrium melting temperature, Tm

o, as
given by the Thomson-Gibbs equation:53 Tm ) Tm

o[1 -
2σe/(lc × ∆hf

100)]. Only the equilibrium melting temper-
ature, Tm

o, should be the same for both samples. The
thickness of the lamellae lc and the fold surface free
energy can vary with crystallization condition and affect
the experimentally observed melting temperature. Since
in our case the melting temperatures are identical
within 1 K, we have no arguments to assume sufficient
differences between the samples with respect to σe and
lc. In addition, we have measured identical Bragg
maxima at 423 K by SAXS which would give an equal
thickness of lamellae with an assumed identical linear
crystallinity.55 Nonetheless, we need to be aware that
the Thomson-Gibbs equation is always a simplification
of the true situation since it neglects in the above form
any further melting point depression by lateral surface
free energies. The heat of fusion of the crystal ∆hf

100 is
also difficult to discuss since metastable crystals may
have lower heats of fusion than the perfect crystal due
to internal defects, as was derived, for example, for poly-
(ethylene-co-1-octene) by comparison of the enthalpic
with the X-ray crystallinity.60 Summarizing, we cannot
conclude any structural difference from the melting
behavior of the quench-crystallized and slowly crystal-
lized samples using the Thomson-Gibbs equation and
cannot explain the large difference of the degree of
reversibility of crystallization and melting. Therefore,
we will discuss the observed difference of the degree of
reversibility of crystallization and melting using the
AFM micrographs of Figure 6. At 423 K we see in the
case of the quenched and annealed sample a globular
structure of the crystalline domains, whereas in the case
of the slowly cooled sample, even before annealing, we
have well-grown and laterally extended lamellae. The
WAXS gives an almost identical pattern at a tempera-
ture just below the melting point (see Figure 5a-c;
further, more detailed WAXS studies are in progress),
SAXS gives an identical invariant and Bragg maximum

Figure 9. Reversing apparent specific heat capacity of
quenched iPP (thick line) and slowly cooled iPP (thin line) as
functions of time, during subsequent annealing at 298, 323,
348, 373, 398, and 423 K. The dotted lines are the thermo-
dynamic specific heat capacity of amorphous and crystalline
iPP.
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at 423 K, and the standard DSC shows similar melting
temperatures and heats of fusion at 10 K min-1 (al-
though differences appear when comparing results at
largely different heating rates; see section 3.1). The
major difference between the samples is the degree of
reversibility of crystallization and melting, which obvi-
ously is a very sensitive indicator of the crystalline
morphology, as we proposed earlier.31 In numerous
investigations we have suggested, on the basis of
quantitative analyses of the reversibility of the crystal/
melt phase transition, that a relation to the crystal
quality, order, and disorder exists. Without doubt the
important parameter of the crystal quality is the total
surface area and the local structure of the surface. In
the present case, the lateral surface is the major
variable, as shown in Figure 6 by the AFM micrographs.
The globular crystals have similar fold-surface areas
when compared to well-grown lamellae of low surface-
to-volume ratio. Recent, but not yet published, data that
were obtained on deformed ethylene copolymers point
also to an increased specific lateral crystal surface which
causes an increase of the reversible crystal-melt phase
transition. 61

Although the AFM patterns were taken at ambient
temperature, after cooling from the annealing temper-
ature at 10 K min-1, we believe that the observed crystal
morphology qualitatively is not affected by the ad-
ditional cooling step; i.e., we assume absent irreversible
crystallization during cooling which could cause a
decoration of not-visible crystals and misinterpretation
of the micrographs. Most of the crystallinity gain during
cooling after annealing at elevated temperature is due
to reversible crystallization, which, based on the data
in Figures 7-9, can easily accumulate up to ≈20% in
the case of the quenched sample, when using the heat
of irreversible crystallization or melting for normaliza-
tion, respectively. And a further, strong indication of
absent nonreversing crystallization and melting during
cooling from the annealing temperature down to ambi-
ent temperature is given by an absolutely unchanged
reversibility of crystallization/melting after reheating
to the annealing temperature.

The questions remain why are the melting tempera-
tures equal with large differences in lateral surface
areas and why does the side surface affect the fraction
of reversible melting? If the specific surface area is
increased, the crystal should melt at lower temperature,
assuming that the surrounding melt is relaxed and the
bulk heat of fusion unchanged. Our knowledge about
surface free energies of polymer crystals requires,
however, considerable strain at the surfaces that include
chain ends, folds, or cilia. Typically, the side-surface
energy is assumed to be smaller by a factor of about
1/10.37,53 We may suggest, thus, that the lateral surface
energy affects the melting temperature so much less
that experimentally this has not been noticed. It has
also been argued that internal lateral surfaces (grain
boundaries, invoked to explain the smaller X-ray coher-
ence lengths than the lamellar widths) may decrease
the differences between globular crystals and lamellae
of similar fold lengths.

The locally reversible melting or disordering must be
coupled with crystallization or ordering processes free
of nucleation. The effect (2) is not considered of as much
importance in iPP as in polyethylene. The heat capacity
of iPP seems fully vibrational up to the beginning of
melting, although difficulties exist in the analysis at

higher temperature due to a variable rigid amorphous
fraction.20 This leaves true phase transitions as main
reasons for the reversible latent heat (effect 3). At low
temperature short chain segments may be added and
removed to crystals, and even new crystals may be
formed as secondary crystals without need of nucleation,
as was recently proven for paraffins35 and applies also
for polyethylene fractions of lengths up to about 75 chain
atoms.36 For longer segments, as must be involved in
the main melting peak, reversibility requires the ab-
sence of molecular nucleation,62 as proposed earlier.26,28

We have discussed these reversible crystallization and
melting phenomena also in poly(ethylene-co-1-octene).31

With the knowledge that in this case the crystal
thickness/height is fixed by the temperature-dependent
selection process of the ethylene sequences on crystal-
lization, reversible growth in the longitudinal chain
direction is hindered. The present model does not
require any large-distance diffusion of chain segments
through the crystal which may be possible in homopoly-
ethylene, but not in poly(ethylene-co-1-octene) and iPP.
Rather, a reversible detachment and attachment of
some chain segments can occur at the crystal surface.
At low temperatures these chain segments are so short
that nucleation is not necessary, while at high temper-
ature there must be long segments which melted
partially and leave molecular nuclei on the remaining
crystal which permit reversibility. The time-dependent
decrease in reversing, apparent heat capacity is mainly
due to annealing during the recrystallization (effect 6).

Summarizing, the combination of quantitative stan-
dard DSC, TMDSC, X-ray diffraction, and AFM has
permitted the study of several new processes that occur
on heating of iPP and also exist in other semicrystalline
polymers. In particular, we have measured a substantial
increase of the degree of locally reversible crystallization
and melting within the metastable, global structure in
quenched, isotactic polypropylene when compared to
slowly crystallized specimens. The crystallinity, the heat
of fusion, the melting temperature, and structural data
obtained by WAXS and SAXS are insensitive to these
changes and give at the used level of precision no
suggestion of how the increased reversibility of crystal-
lization and melting can be explained. From AFM
studies we conlude that the crystalline domains are
different in shape. In particular, we can see a consider-
ably larger lateral surface area, resulting from the
globular structure of the crystals in the quenched
sample and, thus, suggest that most of the reversible
melting of iPP resides at these surfaces. Recrystalliza-
tion and reorganization results in growth of the domains
without change in the overall shape. It is easily linked
to the decrease with time in the reversing heat flow rate
until only the reversible melting and crystallization
remains.
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