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Abstract

Linear, flexible macromolecules have long been recognized as being distributed between different metastable phases
limited to micrometer and nanometer dimensions with their strong, covalent bonds crossing the phase boundaries. This
structure leads to special properties and a multitude of changes are caused by differing thermal and mechanical histories.
Temperature-modulated differential scanning calorimetry (TMDSC) and related thermal analysis techniques which can sep-
arate equilibrium and non-equilibrium responses within a sample are ideal for the analysis of such systems. A surprising
observation in the last 5 years has been that there are some local, reversible ordering and disordering processes within this
overall metastable aggregate. Three different reversible processes with latent heats have been identified and will be discussed
using the example of polyethylene crystals: (1) The formation of larger concentrations of defects within the crystals. (2) The
melting of small, paraffin-like crystals existing within the metastable arrangement. (3) The reversible, partial melting of chains
at high-temperature which avoids molecular nucleation.
Published by Elsevier Science B.V.
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1. Introduction

Semicrystalline polymers are microphase and
nanophase structures.Fig. 1 contains a summary of
such nanophases as given in the computer course
“Thermal Analysis of Materials” (for details see the
36 lectures of the computer course[1]). Naturally,
such a structure is not in equilibrium, complicating
its thermodynamic description. Already the existence
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of more than one phase in a homopolymer at constant
pressure over a wider temperature range indicates the
absence of equilibrium, since the phase rule permits
an equilibrium between two phases only at one, fixed
transition temperature. In this paper, a summary is
given of the experiments from our laboratory which
help to develop insights into such semicrystalline
samples with the help of temperature-modulated
differential scanning calorimetry (TMDSC). A com-
prehensive review of this topic covering data on over
20 different semicrystalline polymers, analyzed by
many different research groups, is in preparation for
publication in 2002.

The variation of the enthalpy, dH, of a nanophase
system at constant pressure can be followed by
TMDSC. It is expressed by the change of enthalpy
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Fig. 1. Summary of phase definitions based on size, as given in the computer course “Thermal Analysis of Materials”[1].

with changing temperature, dT, which is given by the
heat capacity,Cp, the differential of enthalpy with
temperature at constant pressure,p, and composition,
n (Cp = (∂H/∂T)p,n expressed in J K−1 mol−1) and
its change during the progress of any possible transi-
tion, dn, at constant pressure and temperature, given
by the latent heat as, for example on melting, by
the heat of fusion,�Hf (=(∂H/∂n)p,T , expressed in
J mol−1):

dH = Cp dT + �Hf dn (1)

In Fig. 2, the vibrationalCp of polyethylene is il-
lustrated along with a plot of the density of vibrational
states[1]. This vibrational contribution will serve as
the baseline for the discussion of the contributisons
to H that may occur in the melting and crystallization
ranges. Up to about 300 K, the skeletal and group vi-
brations are seen to account fully for the experimental
Cp. Overall, the vibrations are the most important
contributors to the enthalpy. Some 100 K below the
equilibrium melting temperature,T 0

m (=424.6 K),
however, the experimentalCp starts to deviate from the
vibrational contributions (totalCp in Fig. 2). The ad-

ditional contribution toCp arises from conformational
motion[2], which in case of polyethylene is caused by
thegauche-trans equilibrium which produces increas-
ing numbers of local defects with temperature within
the crystal. The vibrational and local conformational
contributions are the two early recognized reversible
contributions to the experimental heat capacity of
polyethylene. Their time constant for the response to
heating is in the femto- to picosecond range. Although
not directly measurable with the DSC, its time con-
stant can be judged from the upper plot inFig. 2 [3].
Figs. 3 and 4illustrate that the same increase beyond
the totalCp of Fig. 2occurs also for all normal paraf-
fins, CxH2x+2, larger than propane, C3H5, at tempera-
tures which are lower than the melting transitions[4].

The fully reversible vibrational and conforma-
tional contributions toCp, as illustrated inFigs. 2–4,
led to the development of the ATHAS data bank of
heat capacities for polymers[5]. The introduction of
temperature-modulated DSC in 1992 enabled a direct
check of the reversibility of latent heat contributions
in Eq. (1) which usually have much slower, cooper-
ative kinetics. The seemingly reversible contribution
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Fig. 2. Heat capacity of crystalline polyethylene and its contributions from the vibrations. The top graph represents the density of vibrational
states as obtained by fitting a normal mode calculation to force constants from infrared and Raman spectra[2].

to melting in poly(ethylene terephthalate) (PET) dis-
played in Fig. 5 [6] was a surprising result, that
needed further analysis since the directly measured
kinetics of crystallization and melting monomers,
oligomers, and polymers did not allow for a reverse
melting in the range of modulation amplitudes of
0.1–3.0 K, typically used in TMDSC. InFig. 6, plots
of such crystallization and melting rates are shown
[7]. Even when accounting for the fact that crystal-
lization may form initially imperfect crystals (with a

Fig. 3. Heat capacities of short-chain paraffins[4]. Shown is
the difference of the calculated total heat capacity, as seen for
polyethylene inFig. 2, and the experimental heat capacity, indicat-
ing the increasing conformational contribution with temperature.
The small vertical lines indicate transitions to the melt.

lower zero-entropy-production melting temperature),
only rather short oligomer crystals should lead to
reversing, and possibly even reversible melting. The
term “reversing” is used to describe processes that ap-
pear in the reversing heat capacity of TMDSC which
is equal to the modulus or absolute value of the com-
plex heat capacity (= |C∗

p|) and evaluated from the
first harmonic response of the heat-flow rate to the
temperature modulation. After elimination or correc-
tion of all deviations that may have been introduced

Fig. 4. Heat capacities of long-chain paraffins[4]. Shown is the dif-
ference of the calculated total heat capacity, as seen for polyethy-
lene inFig. 2, and the experimental heat capacity, indicating the in-
creasing conformational contribution with temperature. The small
vertical lines indicate transitions to the mesophases and the melt.
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Fig. 5. Standard DSC and quasi-isothermal TMDSC of
poly(ethylene terephthalate) (PET)[6]. The thin line represents the
liquid and solid heat capacities, taken from the ATHAS data bank
[5]. The dashed line is the heat capacity computed for the mea-
sured initial crystallinity of the sample. The glass transition tem-
perature,Tg, and the melting peak temperature,Tm, are marked.
The quasi-isothermal data points were taken every 2 K.

due to loss of steady state, linearity, and stationar-
ity, as well as slowly changing metastable states on
annealing, a process may be described as thermody-
namically “reversible”[3]. The puzzle of reversible
melting which should not occur in polymers repre-
sented byFig. 6 will be addressed in this paper using
our research results of TMDSC of flexible oligomers
and polymers and the concept of molecular nucle-
ation which requires a flexible-chain molecule to go

Fig. 6. Schematic plot of linear melting and crystallization rates
as measured by microscopy on crystals of polyethylene, selenium,
germanium oxide, phosphorous pentoxide, poly(oxymethylene),
and poly(oxyethylene) of different molar masses[7]. Typical mod-
ulation amplitudes are indicated. The equilibrium melting temper-
ature isT 0

m and Tm represents the non-equilibrium melting of a
defect crystal.

through a nucleation step before adding to a crystal,
as was suggested almost 20 years ago[8].

The calorimetry used to obtain the data to be dis-
cussed, ranges from classical adiabatic calorimetry,
needed for the measurement of low-temperature heat
capacity shown inFigs. 2–4, to the standard DSC
employed, for example, for the high-temperature
data inFigs. 3–5, and the TMDSC required for the
quasi-isothermal measurements inFig. 5. Details
about these three techniques can be found, for exam-
ple, in lectures 19, 20, and 21, respectively, of the
computer course on “Thermal Analysis of Materials”
[1].

2. Melting of oligomers

Figs. 7 and 8illustrate the irreversible melting of
low and high molar mass polyethylene in the presence
of higher-melting nuclei[9,10]. In both cases, there
is a considerable supercooling between the observed
melting and crystallization temperatures, as expected
from Fig. 6. The supercooling changes little with the
nature of the seeds, as illustrated inFig. 7, and is
time-dependent, as shown inFig. 8.

Fig. 7. Melting on heating, followed by crystallization on cooling
of a polyethylene sample of molar mass 15,520 Da, seeded with
high molar mass fibers[9]. Measured by DSC at 10 K min−1.
In the first run, the seeds did not melt. In the second run, the
seeds melted and recrystallized at a higher temperature than the
crystallization temperature of the samples of 15,520 Da mass. In
neither case was there a reduction of the supercooling needed for
crystallization.
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Fig. 8. Isothermal crystallization on cooling of polyethylene of a
weight-average molar mass of 130,000 Da without and with seeds
of extended-chain crystals of the same sample[10]. Measurements
by DSC at 10 K min−1, showing practically no reduction in super-
cooling due to the presence of the crystal nuclei. The equilibrium
melting temperature of the seeds was 414.3 K, the melting tem-
perature of the crystals was 7–9 K higher than the highest possi-
ble crystallization temperature. No crystallization occurred above
404.3 K.

A surprising observation was made when analyz-
ing paraffins which are the oligomers of polyethylene.
These short-chain, flexible molecules could not only
melt and crystallize reversibly without supercooling,
as illustrated inFig. 9, but could also crystallize un-
der many analysis conditions even without primary
nucleation[11]. The agreement of the standard DSC
and the quasi-isothermal TMDSC documents that the
melting is reversible far into the melting range. At
higher indicated temperatures the melting peak mea-
sured by standard DSC lags behind the TMDSC due

Fig. 9. Standard and quasi-isothermal DSC of pentacontane
(C50H102) [11]. The thin line is the data bank value for the crys-
talline paraffin, and the dotted line, for the melt.

Fig. 10. Critical chain length for molecular nucleation of oligomers
of polyethylene fractions (PE) and paraffins[11].

to insufficient heat conduction. A more detailed analy-
sis by quasi-isothermal analysis revealed that for three
types of flexible, linear molecules there exists a criti-
cal length of about 70 backbone atoms beyond which
molecular nucleation is necessary under typical crys-
tallization conditions[8]. Fig. 10 illustrates the data.
The critical chain length is indicated by the vertical
line in Fig. 10. The higher molar mass data repre-
sent the results ofFigs. 7 and 8. The critical chain
length of the oligomers seems to be independent of
the macroconformations[7], i.e. whether the crystals
contain extended-chain or folded-chain molecules.

These measurement suggest that oligomers of chain
lengths shorter than the critical length can melt re-
versibly in a matrix of metastable, semicrystalline
macromolecules. Furthermore, sufficiently short free
chain ends may add to crystals of larger thickness or
may form at low temperature their own crystals and
in both cases melt reversibly. Even rather mobile in-
terior parts of amorphous sections of macromolecules
which are attached on both sides to crystalline
nanophases may add reversibly to crystal surfaces
of higher-melting crystals or form their own sec-
ondary crystals. Characteristically, these crystals melt
close to the melting temperature of the correspond-
ing oligomers, i.e. their melting occurs considerably
lower than the temperature of the main melting peak.
This low melting temperature is an indicator of the
presence of such oligomer crystals.

In case the oligomer crystals are longer than the
critical length, they would not melt reversibly, but
they may still indicate reversing melting, i.e. a melting
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Fig. 11. Quasi-isothermal TMDSC of melting and crystallization
for oligomeric poly(oxy-ethylene) of mass 1500 Da[12]. Sinu-
soidal modulation with an amplitude of 0.5 K and a period of
60 s. The heat capacities of the melt, the crystals, and a sample
of 93% crystallinity, the value of the initial sample, are indicated
as calculated from the ATHAS data bank[5].

based on non-equilibrium structures, as is indicated
by the defect crystal inFig. 6. Fig. 11 gives a typ-
ical example for POE of a mass of about 1500 Da
(≈100 chain atoms). After fast crystallization, a small
reversing melting peak is visible (�). On slow crys-
tallization, the peak disappears almost completely
(�), leaving only the increase in reversibleCp that is
due to the conformational motion within the crystals,

Fig. 12. Quasi-isothermal TMDSC of melting and crystallization
for oligomeric poly(oxyethylene) of mass 1500 Da[12]. Sinusoidal
modulation with the indicated amplitudes and a period of 60 s at
315.6 K. The data are plotted as Lissajous figures, clearly showing
the different onsets of crystallization and melting making the
process reversing and fitting the rates of melting and crystallization
of the defect oligomer shown inFig. 6.

Fig. 13. Standard DSC and TMDSC of poly(ethylene-co-octene)
of density 0.870 g cm−3 in the semicrystalline state[13]. Standard
DSC with heating and cooling rates of 10 K min−1, TMDSC with
underlying heating and cooling rates of 1 K min−1 and a sinu-
soidal oscillation of the furnace using a period of 1.8 min and an
amplitude of 1.0 K. Mettler–Toledo 820 DSC.

described in the previous section[12]. The supercool-
ing can be judged by comparing the heating (�) and
cooling (�) depicted inFig. 11. Analyzing the Lis-
sajous figures at different modulation amplitudes, as
is depicted inFig. 12, gives a more detailed picture as
a function of time and temperature. Crystallization at
amplitudes of 2 and 3 K leads to about the same initial
crystallization temperatures, but to different melting
behaviors because of the different times available for
annealing. Further information could be gained by
studies at different frequencies as well as amplitude.

3. Partially melted nanophase structures

Fig. 13shows an analysis of a copolymer of ethy-
lene with about 30 mass% octene-1 (≈10 mol%)[13],
a linear, low-density polyethylene of high regularity,
produced by co-polymerization using a metallocene
catalyst. Following various experiments, one can
see that in the low-temperature region of the crys-
tallization and melting the transition is increasingly
reversing. This is most likely caused by amorphous
portions of the backbone chain of a length equivalent
to sub-critical oligomers, giving a fringed-micellar
structure.Fig. 14 illustrates the equivalence of the
melting temperatures of paraffins with isotactic poly-
mers with side-chains of equivalent lengths[14]. For
atactic polymers the crystallizing portion is only that
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Fig. 14. Melting temperatures of isotactic side-chain vinyl poly-
mers and the corresponding paraffins[7,14]. Formulae: Polymer
[CH2–CH(Cx−2H2x−3)–]n, paraffin C2xH4x+2.

of the side-chain[7], so that from 250 to 350 K, the
equivalent paraffin crystals would range from about
11 to 42 chain atoms, i.e. be shorter than the critical
chain length derived fromFig. 10. The higher-melting
crystals grow mainly during the primary crystalliza-
tion which is characterized by the sharp crystalliza-
tion peak in Fig. 13. These crystals melt largely
irreversibly. The quasi-isothermal TMDSC in this
high-temperature region reveals a substantial amount
of slow annealing which contributes to the reversing
heat capacity[13]. Fig. 15 shows the change of the
reversing heat capacity in a quasi-isothermal exper-

Fig. 15. Change of the reversing heat capacity on quasi-isothermal TMDSC of the sample ofFig. 13 at 299 K after cooling from the melt
at 10 K min−1 [13].

iment as a function of time at 299 K. Extrapolating
to infinite time, there is still a reasonable latent heat
contribution to the apparent heat capacity left, which
cannot be formed by sub-critical oligomer-length
chain segments. In this case, one must assume that on
the growth-face for crystallization, incomplete melt-
ing occurs which is also reversible on a molecular
level. This concept involves the molecular nucleation
proposed a number of years ago[8] to explain the
metastable region of the polymer melt between the
crystallization and melting temperatures shown in
Fig. 6. Once melted, a polymer molecule is assumed
to undergo a molecular nucleation process for re-
crystallization which involves a free enthalpy barrier
caused by the need to reduce the entropy of the crys-
tallizing molecule by reorientation to a more stretched
conformation before gaining the full latent heat of
fusion. Melting should thus be reversible on a molec-
ular scale, but only as long as there is a remaining
crystalline portion or configuration which can serve
as a molecular nucleus (i.e. crystallization without a
free energy barrier). Once the molecule is completely
melted, supercooling is necessary to overcome the
activation energy of nucleation, as is indicated by the
experiments ofFigs. 7 and 8. The concept of such
reversible melting at temperatures which exceed the
chain segments of critical length is illustrated in the
schematic ofFig. 16. Within the metastable network
of crystals of the global structure, one can thus iden-
tify reversible, local equilibria. Combining the details
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Fig. 16. Schematic of partial, reversible melting with a remaining molecular nucleus.

of the structure (by X-ray diffraction), mobility (by
solid state NMR) and reversibility as a function of
frequency and amplitude (by TMDSC), it may be pos-
sible to gain much more insight into the nanophase
structure of semicrystalline polymers.

4. Conclusions

The vibrational contributions toCp are reversible
up to very fast times, as illustrated inFig. 2. Addi-
tional large-amplitude motion can increaseCp to the
level of the liquid and is also reversible as long as the
motion is not cooperative. A latent heat is connected to
changes in the phase structure which are cooperative
and, thus, usually much slower than the heat capacity
contribution from vibrations and isolated conforma-
tional motion. The measuredCp is then an apparent
heat capacity,C#

p, and needs to be separated into its
different contributions for a more detailed discussion.

Due to the nanophase structure of semicrystalline
polymers, local equilibria exist which give reversible
contributions, but may be masked by slow reorgani-
zation and annealing, as shown inFig. 15. Chains or
chain segments of less than the critical size indicated
in Fig. 10can melt reversibly as long as the metastable,
overall phase structure remains unchanged. Finally, the
molecular nucleation, as illustrated inFig. 16, can ex-
plain a small amount of reversible melting of parts of
molecules on the growth-face of the crystal. It is based
on a mechanism that involves only parts of molecules.
Once a molecule is completely melted, the reversibil-
ity does not exist anymore.

In the flexible molecules, like polyethylene, there
may be a third mechanism which involves a sliding
diffusion of defects through the crystals. It is based on
the beginning of large-amplitude motion in the form of
thegauche-trans conformations described above, and
was also seen in molecular dynamics simulation of
the polymer crystals[15]. The increase in the number
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and mobility of the defects may result in a reversible,
temperature-dependent reorganization of the fold sur-
face, which has also been labeled a reversible melt-
ing [16], although it may not involve an actual phase
transition, but only a reversible change in the surface
structure.

Overall, one can thus distinguish three reversible
processes which may involve additional latent heats:
(i) The conformational motion of large-amplitude, that
increases the heat capacity beyond the baseline of
the vibrational contribution shown inFigs. 2–4and
may lead to changes in the interface structure. (ii)
The melting of small segments of macromolecules (or
oligomers) below a critical length, as suggested by
Fig. 10. (iii) The melting of long segments of macro-
molecules which have a melting temperature within
the main melting peak, but need no molecular nucle-
ation due to partial melting, as indicated inFig. 16.

It must finally be remarked that the present discus-
sion is concentrating on polyethylene. Other polymers
have different values for the three enumerated contri-
butions. Methylene chains show, for example, a par-
ticularly large contribution toC#

p because of a large
potential energy contribution on the change between
its two conformational isomers. Phenylene-containing
chains, in contrast, contain almost no heat capacity ef-
fect because of the high symmetry of ring flips about
the chain axis which is also active below the melting
temperature. For homopolymers, contributions from
the short-chain segments become much smaller than
shown inFig. 13.
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