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ABSTRACT: Crystallization and melting of n-paraffins of chain lengths up to C60H122 can be largely
reversible, and practically no supercooling is seen in differential scanning calorimetry (DSC) and
temperature-modulated DSC (TMDSC). To find the changes with chain length for this effect, polyethylene
fractions of oligomers of mass 560, 1150, and 2150 Da and a polymer of mass 15 520 Da were analyzed.
The mode of analysis was quasi-isothermal TMDSC with an amplitude of 0.5 K about a fixed series of
temperatures. For the oligomer of 560 Da, a mainly reversing melting was seen, similar to the behavior
of paraffins of the same molar mass. The oligomer of 2150 Da as well as the polymer shows an irreversible
crystallization with a crystallization of more than 5.0 K below the melting temperature, and the oligomer
of 1150 Da is intermediate. Typical for polymers, a small amount of reversing material remains in the
melting range of the polymer. The 1150 and the 2150 Da oligomers grow to extended-chain crystals, and
the polymer yields folded-chain crystals. This research reveals that there is little difference in reversibility
between monodisperse paraffins and fractions with similar average mass. There is no major difference
in supercooling behavior for extended- and folded-chain crystals. The critical chain length for which a
substantial supercooling is observed is 12.5 nm. The three types of reversible latent heat observed in
macromolecules are traced to the short-chain molecules.

Introduction

It is well-known that flexible linear macromolecules
(usually just called polymers) do not crystallize at the
temperature where they melt, even if the melt or
solution is nucleated by seeding or self-seeding.1 Poly-
mers usually need a 5-30 K supercooling to crystallize.2
Experiments approaching homogeneous nucleation with
dispersions of small droplets need even larger super-
coolings, of the order of 50-140 K.2 To rationalize that
even in the presence of primary nuclei and crystal
surfaces polymer melts and solutions supercool, a second
barrier to crystallization is assumed.

The term supercooling is in this connection defined
as the temperature difference between zero-entropy
production melting and first observed crystallization.
Naturally, the first observed crystallization is time-
dependent, but the increasing time needed for initial
crystal growth at higher temperature is exponential and
reaches quickly experimentally unreasonable values.1
In addition, the thermodynamic condition of zero-
entropy production melting must be specified since it
applies to two cases: The first case is the well-known
equilibrium, given by ∆Gf° ) 0 ) ∆Hf° - Tm°∆Sf°, where
Tm° is the equilibrium melting temperature. The second
case applies to melting from a metastable crystal to an
equally metastable melt. This case is common in the
melting of chain-folded crystals where reorganization
is avoided either by fast melting or by immobilizing the
amorphous fraction.3 The description is based on the
Gibbs-Thomson equation and can be written for chain-
folded crystals as ∆Gf° - Aγ ) 0 ) (∆Hf/Tm°)(Tm° - Tm),
where A is the fold-surface area, γ is the appropriate
surface free energy, Tm is the zero-entropy production
melting temperature, and ∆Hf is the heat of fusion at

Tm, usually only little different from ∆Hf°. This analysis
using irreversible thermodynamics is known for many
years4 and has been applied to many polymers.3

We expect that each amorphous polymer molecule
must traverse many cooperative steps of conformational
motion before ordering to the macroconformation5 that
adds to the existing crystal growth face. To describe this
initial stage of crystallization of the polymer in the
presence of primary nuclei, the term molecular nucle-
ation was coined.2,6,7 Only few details of molecular
nucleation, however, have emerged over the past 20
years.8,9 Most important, in addition to the supercooling
behavior, is the observation that segregation of mol-
ecules of lower masses on crystallization can occur below
the equilibrium melting temperature of the rejected
species. This is only possible if there is another revers-
ible process other than the equilibrium crystallization
and melting to achieve such segregation. We suggested
that molecular nucleation is such a process, although
the detailed mechanism is not known.10

The invention of temperature-modulated differential
scanning calorimetry (TMDSC)11-13 provides a new tool
to search for reversible processes during the melting and
crystallization of polymers. Indeed, several years ago,
in addition to the mainly irreversible processes, a small
reversible component was discovered in the melting
region of polymers.14-17 This paper is a further effort
to study reversible melting on the example of polyeth-
ylene and its oligomers and to establish a link to the
properties of paraffins. For paraffins melting and crys-
tallization is largely reversible within the modulation
amplitude of the calorimetry. With increasing chain
length, however, the melting and crystallization be-
comes irreversible, with local equilibria remaining
within the metastable superstructure of the crystalline
and mobile as well as rigid-amorphous fractions. In
addition, annealing of the crystalline and amorphous
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superstructure may occur during the calorimetric analy-
sis and affect the local equilibria. The calorimetric
analysis of these complicated chains of events can be
separated into the “total” changes, which correspond
ideally to the scanning calorimetry without temperature
modulation, and the “reversing” changes, which are
following a modulation of the temperature. By extending
the time of analysis on modulation about a constant
temperature by performing a quasi-isothermal analysis,
truly “reversible” local or global processes can be identi-
fied as soon as the response to the modulation becomes
identical for successive oscillations in temperature.
Special problems that arise from the inevitable calo-
rimeter lags and the time spans needed for the decon-
volution of the data in the frequency domain have been
studied recently18 and need to be accounted for.

Temperature-modulated DSC with varying ampli-
tudes has been used earlier as a tool to study well- and
poorly-crystallized poly(oxyethylene)s (POE) of 1500,
4540, and 35 000 Da molar mass.16,17 Irreversible pro-
cesses and an additional, small amount of reversing
melting and crystallization were identified. These re-
sults will also be included in the present discussion. The
n-paraffins C50H102 and C60H122 were then chosen as
simple model compounds for polyethylene. Unexpect-
edly, however, these paraffins and the lower homo-
logues, C44H90 and C26H54, did not show supercooling
on crystallization from the melt.19,20 Also, in a recent
study of the heterogeneous and homogeneous nucleation
of n-alkanes by Sirota et al., 21-23 such results were
reported for n-paraffins with 21 e n e 37 carbon atoms.
The same authors reported an about 15 K supercooling
before homogeneous nucleation of paraffins is possible.
This is much smaller than the degree of supercooling
of 50 K needed for homogeneous nucleation of polyeth-
ylene, which in turn is less than the supercooling of most
other polymers analyzed.2 All these observations indi-
cate that the study of crystallization and melting by
temperature-modulated calorimetry may shed some
light on the nucleation and growth process of crystals
of polyethylene. Of present interest is to establish the
chain length for the onset of supercooling and to learn
more about the locally reversible processes.

Experimental Section
Apparent heat capacity measurements were carried out with

a Thermal Analyst 2920 MDSC from TA Instruments Inc., an
isoperibol heat-flux twin calorimeter with modulation control
by the sample-temperature sensor. Dry N2 gas with a flow rate
of 20 mL min-1 was purged through the differential scanning
calorimeter. A refrigerated cooling system (RCS; cooling capac-
ity to 220 K) was used. The temperature of the equipment was
initially calibrated in the standard differential scanning cal-
orimetry mode (DSC), using the onset temperatures of the
melting transition peaks for water (273.15 K), indium (429.75
K), and tin (505.08 K) at a scanning rate of 10 K min-1. The
heat flow rate was calibrated with the specific heat of fusion
of indium (28.45 J g-1). The melting temperature of In was
also measured in the quasi-isothermal mode of TMDSC with
a 0.05 K modulation amplitude after the calibration in the
standard DSC mode to identify any differences between two
modes of measurement. In the standard DSC mode, the onset
melting temperature of indium, a secondary temperature
standard, was set to its value of 429.75 K at 10 K min-1. It
was found then that a quasi-isothermal TMDSC experiment
led to a melting temperature of 429.31 K. To correct the sample
temperatures of the quasi-isothermal measurements, we added
the difference of 0.40 K as a calibration constant to the average
temperatures of the quasi-isothermal measurements at T0. The
change of the onset temperature of melting with the rate of

heating is approximately 0.03 K per K min-1, which can
account for most of this temperature difference.

Quasi-isothermal TMDSC was done with a sinusoidal modu-
lation period of 60 s, a modulation amplitude of 0.5 K, and
stepwise temperature increments of T0 of 1-5 K, depending
on the changes expected in the sample response. The last 10
min of the 20 min quasi-isothermal runs was used for data
collection to calculate the reversing heat capacity Cp as
follows:24

where AΦ is the amplitude of the heat-flow rate and ATs is the
amplitude of the temperature modulation. Both amplitudes
are calculated as the first harmonics of the Fourier series
describing the heat-flow rate and the sample temperature. The
frequency in rad s-1 is given by ω, and K′ represents the
calibration constant at the given conditions of measurement.
The crystallinity of the samples was determined from the heat
of fusion measured by standard DSC on heating at 10 K min-1

prior to and after the quasi-isothermal measurements.
The polyethylene samples named PE560, PE1150, PE2150,

and PE15520 were purchased from Scientific Polymer Products
Inc. Their weight-average molar masses were 560, 1,150, 2,-
150, and 15 520 Da and Mw/Mn was listed as 1.09, 1.20, 1.15,
and 1.08, respectively. These and all samples discussed in this
paper are compared in Table 1. Samples of 0.53-1.07 mg were
weighed on a Cahn C-33 electrobalance to an accuracy of
(0.001 mg and encapsulated in standard aluminum pans (23
mg, including a cover). A somewhat lighter reference pan of
22 mg was used for all measurements to correct easily for the
asymmetry of the calorimeter by adding the reversing heat
capacity from eq 1 for a run with an empty sample pan and
the lighter reference pan.26

Results
Standard DSC. Figure 1 contains a plot of the peak

temperatures of crystallization and melting of the

Table 1. Molar Masses, Chain Lengths, and Melting
Temperatures of Paraffins, Polyethylenes, and

Poly(oxyethylene)

samples

no. of
backbone

atoms
molar

mass (Da)

chain
length
(nm)

equilib
tempa (K)

n-C26H54 26 366.70 3.16 Ti ) 329.5
n-C44H90 44 619.20 5.44 Tm ) 359.6
n-C50H102 50 703.37 6.20 Tm ) 365.3
n-C60H122

b 60 843.64 7.46 Tm ) 372.9
PE560 40 560 4.9 Tm ) 354.5
PE1150 82 1150 10.2 Tm ) 383.3
PE2150 153 2150 19.2 Tm ) 397.2
PE15520 1106 15520 140 Tm ) 411.9
PE130000c 9266 130000 1172 Tm ) 413.4
POE1500 102 1500 9.4 Tm ) 322.3
POE1960b 133 1960 12.3 Tm ) 326.5
POE3060b 208 3060 19.2 Tm ) 331.7
POE5000 309 4540 28.4 Tm ) 333.8

a Melting temperatures, Tm, and the isotropization temperature,
Ti, for paraffins and PE samples refer to values calculated from
eq 2. The disordering temperature, Td, of n-C26H54 from the
orthorhombic to the conformationally disordered crystal (the “rotor
phase”) occurs at 326.5 K. On cooling, this transition supercools
by 4.0 K, while Ti is close to reversible. The TMDSC of POE1500
and POE5000 have been studied earlier,16,17 and the POE equi-
librium melting temperatures are computed from literature
data.3,25 The supercoolings, if not stated otherwise, are measured
from the zero-entropy-production melting temperatures which are
somewhat lower for the paraffins than given in this table and
much lower for the high-molar-mass polyethylenes which chain-
fold. b Thesis, J. Pak, Department of Chemistry, The University
of Tennessee, Knoxville, TN, 2001. c Earlier data on linear PE of
polydispersity 13.1

Cp )
AΦ

ATs
ω

K′ (1)
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oligomers and the polymer of this research as a function
of the scanning rate when measured by standard
differential scanning calorimetry (DSC). The peak tem-
peratures of melting of PE560 are somewhat less than
354.5 K, the equilibrium melting temperature, Tm°, of
C40H42, as calculated from the empirical equation of
Broadhurst27 which fits the experimental data from
C11H24 to C100H202 with a root-mean-square deviation
of (0.41 K:3

with x representing the number of carbon atoms in the
n-paraffin. The number-average molar mass of PE560
corresponds to C37H76 which has according to eq 2 a Tm°
of 350.2 K. Between the data taken on heating and
cooling there is at best a small indication of supercooling
which is further investigated below by using quasi-
isothermal TMDSC. Because of the molar mass distri-
bution in PE560, one might assume that the smallest
crystals melt first, but the largest molecules crystallize
first, complicating the quantitative interpretation of the
melting peaks that lead to Figure 1.

The melting and crystallization temperatures of the
longer polyethylene oligomers, PE1150 and PE2150, are
also shown in Figure 1. In contrast to PE560, there is
an increasing supercooling in these samples, as indi-
cated by the mark ]. The PE1150 is expected to have
an equilibrium melting temperature of 383.3 K, PE2150,
of 397.2 K, which are extrapolated from eq 2 and are
not far from the observed value, as marked in Figure
1. The melting temperature of PE15520, in contrast, is
about 30 K lower than that expected for an equilibrium
crystal of polyethylene of its molar mass with an
extended-chain macroconformation and is even ap-
proximately 13 K lower than that for PE2150, although
PE15520 is 7 times longer than PE2150. Chain folding,
which has been observed for chain lengths longer than
37 nm,28,29 is the main reason for the large difference
between the expected and measured melting tempera-
ture of PE15520.3 Of importance for the further discus-
sion is that both the chain-folded PE15520 and the
extended-chain PE2150 show similar supercoolings of
almost 10 K, compared to almost none, for the paraf-
fins19,20 and the PE560.

TMDSC of PE560. Figure 2 displays the results of
measurements by standard DSC and quasi-isothermal

TMDSC of melt-crystallized PE560. The apparent total
Cp by standard DSC, run prior to the quasi-isothermal
measurements, is measured with a heating rate of 10
K min-1 and is indicated by the solid line. In this figure,
and all subsequent ones, the mole in the dimension of
the heat capacity refers to one CH2 group; i.e., it is 14.03
Da. The open circles are the apparent, reversing heat
capacities, obtained from the subsequent quasi-isother-
mal TMDSC at increasing temperatures. The crystal-
linity was determined by standard DSC using the heat
of fusion at the average temperature of measurement.3
It was 70% at room temperature after cooling at 10 K
min-1 and improved to 82% after the long-time, quasi-
isothermal runs on cooling in steps of different values
of T0 which permit increased annealing. The two peaks
in the melting curve are not clearly separated in the
standard DSC run but are revealed more clearly in the
TMDSC runs. The melting temperature of 354.5 K for
C40H82 with a similar molar mass to PE560 approxi-
mates the higher temperature peak. The first peak is
most likely the eutectic separation of the different mass
crystals and may contain some of the transition to a
high-temperature mesophase, observed in paraffins with
a lower mass than C40H82. The apparent reversing heat
capacity plot shows a sizable contribution to the melting
but not as much as seen for the pure C50H102 which
crystallizes reversibly to almost 100%. When measured
by quasi-isothermal TMDSC with an amplitude of 0.05
K, 66% of the total crystals of C50H102 melt within 0.1
K or less, and all fusion is complete within 1.0 K;19 i.e.,
with the present, larger modulation amplitude of 0.5 K,
the melting would have been practically fully reversing.
The width of the region of melting of PE560 is more than
30 K, and the maximum in the reversing Cp reaches only
half the Cp of the melting peak by standard DSC. The
broadening of the melting of PE560 in the quasi-
isothermal measurements is, thus, most likely due to
the chain-length distribution. The additional shift to
higher temperature in the standard DSC experiment
for the high-temperature portion of the melting peak
and the end of melting is due to the thermal lag of the
calorimeter when heated at 10 K min-1 through the
melting region.18

In Figure 3, the experiment of Figure 2 is continued
by quasi-isothermal measurements with decreasing

Figure 1. Temperatures of crystallization and melting peaks
as a function of scanning rates when measured by standard
DSC.

Tm° )
414.3(x - 1.5)

x + 5.0
(2)

Figure 2. Apparent heat capacities measured by standard
DSC and quasi-isothermal TMDSC for PE560 crystallized first
from the melt on cooling at 10 K min-1. The solid line is
obtained by standard DSC at 10 K min-1 and the open circles
represent the apparent, reversing heat capacity by quasi-
isothermal measurements.
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temperatures starting from the melt, followed by a
subsequent second heating run. The apparent reversing
heat capacities are plotted as a function of temperature,
as before, and can be compared quantitatively to the
heat capacity of an amorphous, crystalline, and 70%
crystalline sample, as derived from the ATHAS data
bank excluding any melting and crystallization contri-
butions.30 Both quasi-isothermal heating runs show that
the end of melting occurs at 355 K. The quasi-isothermal
cooling run after the first heating proves that the
beginning of crystallization occurs also at 355 K. A
second cooling run is not depicted in Figure 3, but it
was identical to the first. There is no supercooling of
PE560 in the quasi-isothermal TMDSC experiments
with 0.5 K of amplitude. The shifts of the peak positions
between first and second heating runs can be explained
by changes in the cocrystallization of different chain
lengths and perfection in the crystal morphology, as is
also indicated by the increase in the overall crystallinity
mentioned above.

The higher apparent reversing heat capacities in the
regions of the points marked a-f in the cooling sequence
relative to g-i in the heating sequence are analyzed in
the more detailed graphs in Figure 4. Corresponding
data for the marked points are given in the graphs for
the modulation of the temperature (bottom), the total
heat flow rate (center), and the apparent, reversing,
specific heat capacity (top). After attainment of steady
state, the specific heat capacity continues to decrease
at the temperatures from f-a and drifts toward the
measurements on heating at points g-i which show a
constant reversing heat capacity in each run after about
10 min.

TMDSC of PE1150 and PE2150. Figure 5 repre-
sents the results for PE 1150 and PE2150. Again, the
thick, continuous solid line is the apparent total Cp from
the standard DSC, carried out prior to the quasi-
isothermal TMDSC measurements. The open circles are
the apparent reversing Cp obtained from the first quasi-
isothermal heating TMDSC runs. The peak temperature
of the standard DSC run is close to the equilibrium
melting temperatures of C82H166 and C153H308 (see
Figure 1). The crystallinities are 83 and 89%, calculated
from the heat of fusion obtained from the standard DSC
run, and the melting ranges are both about 30-40 K
wide (see also Figure 6), although the main melting

peaks narrow and become of higher amplitude with
molar mass. The apparent reversing heat capacity plots
shows only a very small contribution to melting. The

Figure 3. Apparent, reversing heat capacities of PE560 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
filled circles, and triangles represent the first heating, subse-
quent cooling, and the second heating, respectively (see also
Figure 2).

Figure 4. Detailed analysis in the region of the reversing
melting peak of PE560. Apparent reversing heat capacity, total
heat-flow rate 〈Φ〉, and sample temperature Ts(t) during cooling
and subsequent heating. Corresponding points to Figure 4 are
marked.

Figure 5. Apparent heat capacities measured by standard
DSC and quasi-isothermal TMDSC for PE 1150 (a) and
PE2150 (b) after crystallization from the melt with a cooling
rate of 10 K min-1. The solid line is obtained by standard DSC
at 10 K min-1 and the open circles represent the apparent,
reversing heat capacities by quasi-isothermal measurements.

Macromolecules, Vol. 34, No. 13, 2001 Melting and Characterization of Polyethylene 4495



shallow peak for PE2150 at about 370 K in the standard
DSC trace is largely irreversible; i.e., it is very much
reduced in quasi-isothermal TMDSC. Enlarging the
ordinate, as shown in Figure 6b, reveals that the
remaining 370 K peak on first heating disappears fully
on cooling and does not reappear on the second heating,
after better crystallization was possible on cooling under
TMDSC conditions. No further discussion will be given
about this irreversible melting peak which was induced
by the initial, 10 K min-1 cooling.

Figure 6 displays the reversing heat capacity plots of
PE1150 and PE2150 as a function of temperature, as
described in Figure 3 for PE560. The second cooling runs
were identical to the first and are not depicted in Figure
6. The dashed line in Figure 6b is the Cp for 100%
crystalline PE without latent heat contributions, and
the dotted lines in Figure 6a,b are for 100% amorphous
samples, as given in the ATHAS data bank.30 The solid
lines are computed for the 83% and 89% crystalline
samples, as measured by standard DSC in parts a and
b of Figure 5. For PE1150 shown in Figure 6a, the end
of melting on first heating is at 386.2 K and the onset
of crystallization on cooling is 382.1.0 K. The difference
of about 4.1 K represents the supercooling. For PE2150
the end of melting on first and second heating is at 397.8
and 397.9 K, respectively, and the onset of crystalliza-
tion on first and second cooling is 392.0 K. The differ-
ence of about 5.8 K represents the supercooling of
PE2150. For PE2150 the apparent reversing plots of Cp
on cooling and on second heating are matched from low
temperature to the temperature of the maximum. For
PE1150 the maximum on cooling is still somewhat

higher, as is observed more prominently for PE560 in
Figure 3. The maximum on first heating is higher for
both fractions than on second heating and on cooling.
The initial crystals melt during the first heating se-
quence and then crystallize into better crystals on
subsequent cooling, due to the slower quasi-isothermal
heating and cooling experiments. The better crystals
melt on the subsequent second heating with a retracing
of the reversing Cp of the prior cooling experiment. The
magnitude of the small amount of apparent reversing
Cp in the melting range is similar to that found for other
polymers.14-17 At low temperature, the expected heat
capacity without latent heat contributions is reached
only at about 300 and 270 K, respectively; i.e., a small
amount of reversing melting and crystallization exists
even below room temperature. This increase in heat
capacity below room temperature is known from stan-
dard calorimetry for almost 40 years.31 It increases
substantially with decreasing crystal perfection, as could
be studied recently by an extensive analysis of poly-
(ethylene-co-octene-1).32,33

Figure 7 displays for PE2150 more details about the
crystallization (cooling) and melting (second heating) in
the time domain, using graphs for the modulation of the
temperature (bottom), the total heat flow rate (middle),
and the apparent, reversing, specific heat capacity (top).
The run is similar, but not identical, to the one shown
in Figure 6. At the initial crystallization (marked A),
〈Φ〉 reaches an almost constant, but slightly elevated,
exothermic level, while the apparent reversing heat
capacity increases continuously. Next, at temperature
B, the total heat flow rate 〈Φ〉 decreases from a strongly
exothermic level, while the reversing Cp continues to
increase. At point C and lower temperatures, both 〈Φ〉
and the reversing Cp decrease. These changes will be
discussed below on hand of the raw data of the heat flow
rate and compared to the lower and higher molar mass
materials.

TMDSC of PE15520. Figure 8 represents the results
for PE15520. Again, the thick, continuous solid line is
the apparent total Cp by standard DSC at 10 K min-1,
carried out prior to the quasi-isothermal TMDSC mea-
surements. The open circles are the apparent reversing
Cp, obtained from the quasi-isothermal heating TMDSC.

Figure 6. Apparent, reversing heat capacities of PE1150 (a)
and PE2150 (b) on heating and cooling by quasi-isothermal
TMDSC. The first heating corresponds to an enlargement of
the quasi-isothermal run shown in Figure 5.

Figure 7. Detailed analysis in the region of the reversing
melting peak of PE2150. Apparent reversing heat capacity,
total heat-flow rate 〈Φ〉, and sample temperature Ts(t) during
cooling and subsequent heating in the first crystallization steps
and at the melting peak. A to C indicate runs that can be used
for the study of crystallization.
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The crystallinity determined from the heat of fusion
measured by standard DSC is 55%. On the standard
DSC trace, there are two peaks which are close to each
other. The second peak commonly results from better
crystals which form during perfection of initially poor
crystals by annealing during heating for analysis as
discussed in detail in the past.3 In the apparent,
reversing Cp trace, the two peaks merge to one very
small peak at 380.8 K. There is also a very broad,
shallow maximum at 367.8 K which seems to correspond
to the shoulder at 370 K in the standard DSC trace.
Overall, the quasi-isothermal, apparent reversing heat
capacity covers only a small part of the total melting
peak but extends to low temperature. Melting and
crystallization is thus largely irreversible with an
extended low-temperature, reversing contribution.

Figure 9 shows again the enlarged and additional
TMDSC traces. The double peak by standard DSC in
Figure 8 at about 380 K and showing as a single peak
on first heating by TMDSC is barely visible on cooling
and second heating. A second cooling run is identical to
the first and not plotted in Figure 9. The end of melting
on first and second heating is at 387.3 and 386.8 K,
respectively, and the onset of crystallization on first and
second cooling is at 381.8 K. The difference of about

5.5 K is the supercooling of PE15520. The dotted line
represents a 100% amorphous sample, as given in the
ATHAS data bank,30 and the solid line is for the
expected heat capacity for a sample of 55% crystallinity,
as was determined by standard DSC, measured after
all quasi-isothermal TMDSC runs were completed.

The reversing Cp measured on first heating has higher
values than on second heating over the entire temper-
ature range. On cooling, the reversing heat capacity is
much lower. For the first effect, it is assumed that the
initially poorer crystals melt during the first heating
sequence and then recrystallize to higher perfection on
subsequent cooling, due to the slower cooling in the
TMDSC experiments. These better crystals anneal less
on subsequent heating, eliminating the peak at 380 K,
but show, otherwise, a similar apparent reversing heat
capacity as the first heating. Of further interest is the
much higher Cp on heating than on cooling, in contrast
to PE1150 and PE2150 (see Figure 6) and to PE560 (see
Figure 3). Integrating the reversing heat capacity over
the whole melting range leads to less than 10% revers-
ing crystallinity for the cooling runs, but note that such
integrations are usually not quantitative and may, due
to slow processes, overestimate the truly reversible
crystallinity.

Figure 10 displays, as before, more details about the
crystallization and melting, using graphs for the modu-
lation of the temperature (bottom), the total heat flow
rate (middle), and the apparent, reversing heat capacity
(top). The points chosen for analysis are in the temper-
ature region of the broad peak of the cooling data of
Figure 9. In the given scale all values of 〈Φ〉 are constant
with time after attainment of instrumental steady state.
The reversing Cp on cooling also changes only little, but
in the heating sequence, it starts at higher values and
decreases with time. Therefore, the gap of reversing Cp
between heating and cooling run decreases, but on
extrapolation to longer times does not reach equal levels.

Discussion
This research was originally designed to be carried

out entirely with n-paraffins with lengths that ulti-
mately would exceed the length for chain folding. With
such materials, the effects seen in multicomponent
systems could be avoided, simplifying the interpretation

Figure 8. Apparent heat capacities measured by standard
DSC and quasi-isothermal TMDSC for PE15520 crystallized
first from the melt on cooling at 10 K min-1. The solid line is
obtained by standard DSC at 10 K min-1 and the open circles
represent the apparent, reversing heat capacity by quasi-
isothermal measurements.

Figure 9. Apparent, reversing heat capacities of PE15520 on
heating and cooling by quasi-isothermal TMDSC. Open circles,
filled circles, and triangles represent the first heating, the
subsequent cooling, and the second heating, respectively
(compare to Figure 8).

Figure 10. Detailed analysis in the region of the reversing
melting peak of PE15520. Apparent reversing heat capacity,
total heat-flow rate 〈Φ〉, and sample temperature Ts(t) during
cooling and subsequent heating in the region of the melting
peaks.
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of the data. It is well-known that paraffins of different
chain length as well as polymer fractions below molar
masses of about 20 000 Da can undergo eutectic phase
separation on crystallization.3 Sufficiently long paraffins
were produced in the past in Great Britain with support
of their Engineering and Physical Research Council
(EPSRC). Our request for samples, known to be avail-
able, was denied because “universally and without
exception” EPSRC imposed the condition that “no mate-
rial must leave the country”. Naturally, we are of the
opinion that fundamental research will be impeded
when national interests limit exchange of information.
Fortunately, our sample PE560 is sufficiently similar
in its crystal nucleation behavior to the earlier studied
n-paraffins up to C50H102, that major parts of the
research did not have to be abandoned. The surprising
finding that n-paraffins practically do not need primary,
secondary, or molecular nucleation up to considerable
lengths in typical experimental environments carries
over into oligomer fractions generated out of polymers
as shown in Figure 1.

Critical Length for Nucleation. In Figure 11 data
are given to answer the question of how long must a
molecule be before a noticeable nucleation barrier exists
for crystallization under typical DSC conditions? The
data of Figure 11 include information on all oligomers
and polymers listed in Table 1 and some additional
literature data on paraffins.21-23 The crystals to the left
of the break are of the extended-chain type. The points
to the right refer to folded-chain crystals. It is clearly
seen that there is a critical region for the backbone
atoms at which molecular nucleation (or secondary
nucleation) starts to be important for the description of
the crystal growth, centered at 100 backbone atoms or
about 12.5 nm of chain length. This point is much less
than the 37 nm which is the critical chain length for
n-paraffin to chain-fold28,29 under similar crystallization
conditions. An extensive DSC analysis of crystallization
and melting of polyethylene of a much higher mass
average of 130 000 Da and a polydispersity of 13 was
made earlier in the presence and absence of equilibrium
crystal seeds. The approximate of supercooling for the
initial growth of chain-folded crystals on a similar time
scale than for the present experiments was 7.5 K below
the zero-entropy production melting temperature, in
good agreement with Figure 11.1 The poly(oxyethylene)
oligomers fit onto the same graph with PE oligomers,

an indication that the similarly flexible POE crystallizes
as PE does.

Comparison of PE560 with Paraffins. The C50H102,
C44H90, and C26H54 paraffins listed in Table 1 were
analyzed previously with DSC and TMDSC.19,20 The
paraffins C44H90 and C50H102 show only a single, largely
reversible melting transition, as expected from the well-
known fact that n-paraffins above C36H74 exhibit only
one crystal phase, while C26H54 falls into the group of
paraffins between C21H44 and C36H74, which display a
disordering transition to a mesophase below Tm in
addition to the melting transition. The melting transi-
tion is in this case is called an isotropization since the
mesophase can be considered to be already “partially
melted”.34 The PE560 oligomer whose mass and number-
average lengths correspond to C40H82 and C37H76,
respectively, shows two transition peaks. In a recent
reference,21 the mesophase transition was detected up
to C37H76. The peak on TMDSC and the shoulder on
DSC at about 333 K in Figure 2 might, thus, contain
contributions from the mesophases of C37H76 and shorter
chains, as observed in C26H54.20 The main part of the
melting peak at 333 K, as well as the broadening of the
melting range, however, should be caused by the eu-
tectic phase behavior, known to occur on well-crystal-
lized melts of paraffins of different lengths.3

To understand typical eutectic phase diagrams in
paraffins, the eutectic temperature of the PE560 system
can be analyzed using the Flory-Huggins equation or
its extension to multicomponent systems.35 A eutectic
point at 1.3 K below Tm° of PE560 was calculated for a
PE560/C50H102 solution assuming ø ) 0. For PE560/
C37H76 this difference increased to 7 K and for PE560/
C26H54 to 25 K. Therefore, a broadened eutectic can
easily contribute to the secondary peak in Figure 2 at
10 K below the main melting peak. Experimental data
of extended-chain crystals of polyethylene of a weight-
average molar mass of 2550 Da and a polydispersity of
1.6, much larger than in PE560, showed an even broader
melting range with several lower temperature eutectic
peaks,36 while a phase diagram of a mixture of pure
C30H62 and C22H46 has a melting range between the
eutectic and the melting temperature of C30H62 of up to
24 K,37 making the eutectic crystallization a likely cause
for the broadening of the melting in PE560 of Figure 2.

As shown in Figures 2 and 8, the reversibly melting
fraction of PE560 is much larger than for the high molar
mass PE15520, and the biggest crystals in PE560 which
melts last on heating also crystallize first on cooling
without supercooling. Again, such behavior is expected
from a eutectic phase diagram at equilibrium. On
heating, the last crystals melting, and on cooling, the
first crystals growing, both consist of the pure compo-
nent of highest molar mass, as observed in Figure 3.
Quite similar results were found on TMDSC of a sample
of not quite pure C44H90.20

The quasi-isothermal measurements on paraffins
with the much smaller modulation amplitude of (0.05
K when compared to the present data in Figure 3
showed incomplete melting and crystallization in the
temperature range of modulation due to limitations of
the heat flow rate.20 On raising the average temperature
to next higher value of T0, the crystals that should have
melted, melted irreversibly at the new T0 during the
first few cycles until the new steady state was reached.
In such cases the reversing heat flow rate is strongly
asymmetric due to the larger melting contribution

Figure 11. Degree of supercooling as a function of the number
of chain atoms in the backbone of the materials listed in Table
1. Open circles are paraffin data from the literature.21

4498 Pak and Wunderlich Macromolecules, Vol. 34, No. 13, 2001



during heating, and naturally, the first harmonic of this
asymmetric response of the sample is not usable for a
quantitative analysis. In the present analysis of PE560,
these problems were largely avoided by choosing larger
modulation amplitudes and helped by the inherently
smaller amount of change in crystallinity over the much
broader melting range. Figure 4 shows the practically
constant apparent heat capacity at points g-i after
reaching steady state. Every modulation cycle is sym-
metric in crystallization and melting, so that the overall
progress of melting occurs when the temperature is
increased from one quasi-isothermal T0 to the next, and
the amplitude of the apparent reversing heat capacity
can be separated into a contribution due to the revers-
ible thermodynamic heat capacity and the reversible
latent heat exchanged on crystallization and melting as
graphed in Figure 3. If measurements would have been
carried out with an underlying heating rate 〈q〉 and not
quasi-isothermally, the modulation amplitudes in suc-
cessive cycles would overlap, and the integral reversible
heat of fusion would erroneously exceed the total heat
of fusion, as was demonstrated for the reversible melting
of indium.18

Comparison of the Oligomers with Polyethyl-
ene. Although PE1150 and PE2150 are oligomers, they
have a higher measured melting temperature than
PE15520, as is seen in Figure 1. The melting temper-
atures of PE1150 and PE2150 are close their equilib-
rium melting temperatures, ensuring these samples
consist of extended-chain crystals, as were also found
for the paraffins and PE560 and expected from the well-
established upper limit of 37 nm for extended-chain
crystallization of paraffins at atmospheric pressure.28,29

In contrast, PE15520 shows in Figure 9 an end of
melting about 25 K below its equilibrium melting
temperature. This agrees with a reasonable lamellar
crystal thickness of about 10.5 nm, as can be calculated
from an equation derived from a large number of data
on the melting temperatures of polyethylenes of known
lamellar thickness:3

where Tm is melting temperature of the folded-chain
crystal, Tm° is the melting temperature of the extended
chain crystal represented by eq 2, and L is the lamellar
thickness. The analyzed samples, thus, have two dif-
ferent macroconformations and melting behaviors.3

On crystallization PE560 and the paraffins show no
supercooling and crystallize largely reversibly; PE1150
and PE2150 show supercoolings of 4.1 and 5.8 K,
respectively, values which are similar to that of PE15520
(5.5 K, see Figure 9) when basing the analysis on the
zero-entropy production melting temperature, but bas-
ing the supercooling on its equilibrium melting temper-
ature, the supercooling of PE15520 is much larger. It
is interesting to note that the much higher molar mass
PE130000, when crystallized at about 400 K at times
comparable to the present DSC experiments, yields
lamellar crystals of about double the fold length,5 but
with only little larger supercooling (7.5 K) from the zero-
entropy production melting temperature, while its
supercooling from the equilibrium melting temperature
is half that of the PE15520 (30.1 vs 14.3 K, respectively).

Comparing the shape of the melting curves by stan-
dard DSC in Figures 2, 5, and 8, one finds the broadest

melting peak for PE560 (≈50 K), a narrower peak for
PE1150 (≈30 K), and the narrowest for PE2150 (≈20
K) and a broad peak of about 40 K with a superimposed
sharper peak of about 20 K for PE15520. The analysis
of the reversing melting reveals a beginning deviation
from the heat capacity originating from vibrations only
at 260-280 K for all samples, only a little above the
glass transition. For PE560 this early deviation is fully
reversible, as found earlier for the paraffins.38 The first
separation between reversing and total Cp is seen at 330
K, well into the melting peak, at an apparent heat
capacity of ≈95 J K-1 mol-1 (see Figure 2). For PE1150
and PE2150, the first separation between total and
reversing heat capacity occurs at 360 and 380 K, respec-
tively, just before major melting commences, at an
apparent Cp of about 40 J K-1 mol-1 (see Figure 6),
while for PE15520 this separation is seen over the whole
temperature region between glass transition and melt-
ing, starting at about 260 K, at an apparent Cp of about
25 J K-1 mol-1 (see Figures 8 and 9). For all three
samples, PE1150, PE2150, and PE15520, the apparent
reversing heat capacity reaches the level of the heat
capacity of the melt before major melting has begun.
These observations point to a continuous change in the
mechanism of reversing melting when going from paraf-
fins to polymer. While all samples have a basic increase
in heat capacity beyond that of the vibrational contribu-
tion which was linked to a fully reversible conforma-
tional motion within the crystals, based on a combined
discussion of computer simulations, infrared data, and
heat capacity measurements,39 only polyethylene
PE15520 shows a small amount of irreversible melting
beginning at the glass transition, followed by an addi-
tional reversing melting in the melting peak region (see
Figures 8 and 9); the oligomers show an increasing
amount of reversible melting with decreasing molar
mass.

The next topic concerns the reversing portion of the
melting beyond that of the conformational motion which
can increase the apparent heat capacity at best to the
level of the liquid, the level of full conformational
mobility. Figures 3, 6, and 9 are the basis for this
discussion. The PE560 was linked to the reversible
melting of the paraffins within the range of modulation
amplitude. The remaining irreversible part is expected
to be connected to the incomplete separation of the
various species on crystallization, as is seen on cooling
at temperatures a-f in Figure 4 and discussed in the
next section on the kinetics. The PE1150 and PE2150
are characterized by decreasing amounts reversible
melting, as was also seen for oligomers of poly(oxyeth-
ylene)s in the same molar mass range (POE1500 to
POE5000).16,17 The remaining reversible increase in
heat capacity seems to be largely truly reversible since
the quasi-isothermal reversing heat capacities are in-
dependent of time (see Figure 7). The polymer PE15520
behaves quite differently. The reversing contribution to
the melting peak is larger than for PE2150 when one
considers that the crystallinity is little more than half
that of PE1150 or PE2150 (compare Figures 6 and 9).
To discuss more of the details of the small amount of
reversing melting and to assess the truly reversible
fraction, the possible annealing of the sample must be
eliminated, as is done in the next section. The large
difference between reversing heat capacity on cooling
and on heating shown in Figure 9 indicates that as
much as half of the material contributing to the revers-
ing melting crystallizes irreversibly at lower tempera-

L (in nm) ) 0.627
Tm°

Tm° - Tm
(3)
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tures. This is different from PE2150, which grows all
reversibly melting species close to its melting temper-
ature after the initial supercooling, while PE560 and
to a lesser degree also PE1150 has a larger reversing
Cp on cooling.

Kinetics of the Processes Seen by TMDSC. The
kinetics of the changes in the quasi-isothermal analysis
in terms of the apparent, reversing heat capacity and
the total heat flow rate is shown in Figures 4, 7, and
10. Figures 12 and 13 add the actual raw data in the
time domain of the heat flow rate for selected temper-
atures for PE560, PE2150, and PE1550 in order to judge
the symmetry of the response to the modulation and find
causes for the nonreversing contributions.

For PE560 much of the response is reversible within
the parameters of modulation. The larger apparent total
heat capacity of the final melting peak in Figure 2 is
linked to the kinetics of the processes which may arise
not so much from lags of the calorimeter, but from slow
kinetics to reach equilibrium within the sample by
diffusion and selection of the various species attaining

equilibrium only at the proper crystal thickness. The
instrument-caused effects have been seen in earlier
work on pure paraffins, analyzed with a different
calorimeter using sawtooth modulation.20 The missing
reversing heat of fusion was in the latter cases evolved
during the heating from one base temperature to the
next and at the melting peak also in the first few
modulation cycles at the higher temperature. With the
present instrumentation, no recording of the heat flow
rate is possible between runs, but we assume that it
may occur, although only to a smaller degree. The
melting range of PE560 is sufficiently broad, so that no
additional melting at the higher temperature can be
distinguished during the approach to steady state as
seen, for example, in Figure 12a during the time up to
277 min. Reversible low-latent-heat transitions of liquid
crystals where similarly analyzed.40 Temperature lags
in the sample pan could also be documented directly by
contact-less measurements within the DSC cell by
infrared thermography.41

Slow, irreversible processes within the sample of
PE560 can be seen from the decrease of the reversing
heat capacity with time in the cooling sequence f-a of
Figure 4. It was suggested in the discussion, above, that
this decrease in reversing heat capacity may, in time,
reach agreement with the quasi-isothermal experiments
on heating (sequence g-i). Approximately 100 min
should be sufficient to reach such true equilibrium.
Figure 12a indicates a largely symmetrical heat flow
rate, but from 277 to 287 min into the experiment, after
attainment of steady state, the amplitude of the endot-
hermic cycle decreases faster than the exothermic one.
This observation indicates that in every cycle a small
amount of the recrystallized material achieves a suf-
ficiently higher melting point due to better crystal
perfection to fall outside the temperature range covered
on the subsequent heating. Similar decreases in appar-
ent reversing heat capacity are seen also in polymers
on annealing. Examples are seen in homogeneous poly-
(ethylene-co-octene)s on annealing in the melting range
of sequences of paraffinic lengths32,33 and on annealing
of poly(ethylene terephthalate) in the melting region.14,15

The analysis of the PE2150 in Figure 5 shows that
its melting is largely irreversible. The small reversing
contribution to the apparent heat capacity develops to
a peak of 10 J K-1 mol-1, as seen in Figure 6. Figure 7
reveals that, except for temperatures A, B, and C, little
changes occur in the apparent reversing heat capacities
with time; i.e., the effect has reversible causes. The
small irreversible peaks like the one at 370 K and the
increased reversing peak at 390 K disappear from the
reversing heat capacity on more careful crystallization,
an indication that poorer crystallization increases the
apparent reversing heat capacity. Quite similar in-
creases in apparent reversing heat capacity were ob-
served for POE with molar masses of 1500 and 5000
Da and most other polymers analyzed to date.18,42 Their
existence has been linked to surface melting either on
fold surfaces43,44 or on side surfaces.14,45

The kinetic effect at points A, B, and C, in Figure 7,
which represent the initial temperatures of crystalliza-
tion, may shed some light on the development of the
reversing melting on crystallization. At the point A in
Figure 7, one observes the first linear increase in the
apparent reversing heat capacity. It starts only after
steady state is reached, and the total heat flow rate is
slightly more exothermic than the response of the melt,

Figure 12. Raw heat-flow rate data Φ(t) as a function of time.
(a) Data for PE560 as a function of time for point b in Figures
3 and 4. (b) Data for PE2150 as a function of time for points
A, B, and C in Figure 7. The center area is omitted to be able
to increase the ordinate. The solid line is drawn somewhat
above the endothermic and exothermic maximum amplitudes
for clarity.

Figure 13. Raw heat-flow rate data Φ(t) for PE15520 as a
function of time from a long-time quasi-isothermal experiment
at 379.94 K at the high-temperature peak of a sample of
specially poor crystallization history. Shown are excerpts at
0-50, 350-400 and 500-550 min. The center areas are
omitted to be able to increase the ordinate. The solid line is
drawn somewhat above the endothermic and exothermic
maximum amplitudes for clarity.
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indicating a constant rate of crystallization starts
slightly earlier and causes a continuing linear increase
in reversibly melting material. Figure 12b shows at the
temperature A that the amplitude of the response to
modulation is largely symmetric with slight increases
in the exotherm. The endotherm increases also, but only
half as much; i.e., about half of the added crystallization
in each cooling cycle is melted again in the subsequent
heating. Full reversibility is not reached in the time of
analysis. At temperature B, the increase in apparent
reversing heat capacity continues and reaches a con-
stant level at C (see Figure 7). The total heat flow rate,
in turn, is much different. A large, irreversible crystal-
lization exotherm that decreases with time and is less
in each subsequent analysis step is superimposed on the
modulation effect, as seen in Figures 7 and 12b. At
temperature B, the reversing heat flow rate, again, is
largely symmetric and increases in B somewhat by
increasing the exotherm slightly more than the endot-
herm in successive steps. In C there is hardly any
asymmetry detectable and, judging from the total heat
flow, by this time the bulk of the irreversible crystal-
lization has taken place. The reversible crystallization
stays constant for several more steps of cooling before
decreasing but reaches zero only close to the glass
transition. Below about 370 K the total and reversing
apparent heat capacities are equal, which means that
all of the early melting is reversible.

The polymer PE15520 behaves different again. The
low-temperature reversing melting is, in this case, only
partially reversible, and the fraction of reversing ap-
parent heat capacity is more than in PE2150 and is
larger in the poorly crystallized sample (see Figures 8
and 9). Figure 10 shows that on cooling the reversing
apparent heat capacity is constant with time, while on
heating it is larger and decreases with time. The
explanation for this increased reversing melting in the
heating experiment may be that the material causing
the increase was grown at lower temperature during
the cooling as secondary crystals in a matrix of the
primary crystals. These initially rather poor crystals are
the subject of annealing after crystallization and melt
on reheating at higher temperature. Within the frame
of the metastable primary crystals they may also reach
in time a reversible local melting. Figures 13 and 14
illustrate the changes at 379.9 K in a long-time experi-
ment for a sample with an even larger peak in the
reversing, apparent heat capacity than shown in Figure
9. The ultimately reached level of reversing heat capac-

ity of 48.55 J K-1 mol-1 is still much above the constant
level reached on cooling. As for all other polymers of
high molar mass that have been analyzed in this
fashion, two processes seem to be involved in the
kinetics with the indicated relaxation times. Both times
are longer than the response of the calorimeter, and
Figure 13 indicated that the short-time change is based
on a faster changing exotherm. Otherwise, the decrease
in the heat flow rate is largely symmetric. One expects,
thus, that an annealing process is involved in the
decrease of the reversing heat capacity which starts
with a small exotherm of crystal perfection. Each
perfected crystal is then is removed from the subsequent
melting cycle. Similarly, a fully melted molecule would
be removed from the reversing melting since it would
need a renewed molecular nucleation to recrystallize.
It takes several hundred minutes until this process
reaches a steady state and can be considered a true local
equilibrium in the matrix of the metastable crystals.

Conclusions

Quantitative calorimetry supported by temperature-
modulated calorimetry opens the possibility to gain
considerable new insight into the crystallization and
melting of polymers. Of special importance is the
observation that there exists a narrow range of chain
lengths below which paraffinic and related flexible chain
molecules act like small molecules and can melt revers-
ibly in the presence of heterogeneous nuclei (see Figure
11). For paraffins, polyethylene, and its oligomeric
fractions, this range centers around a critical chain
length of about 100 chain atoms. This corresponds to a
chain length of about 12.5 nm, a molar mass of about
1400 Da, and an equilibrium melting temperature of
about 385 K. A similar relationship may holds for poly-
(oxyethylene), which represents a similarly flexible
macromolecule.

The observed increase of the apparent reversing heat
capacity in the melting range of polyethylene, its
oligomers, and paraffins can be related to one or more
of three causes:

(1) A gauche-trans equilibrium within the crystals.
Using the known heat capacity contribution of the
density of vibrational states as a quantitative baseline,
it is seen that a slow increase of the heat capacity of
the crystals starts at about 250 K. The cause of this
increase was documented for paraffins38 and polyeth-
ylene30,31 and is linked to the introduction of gauche
defects into the crystals which collect at higher concen-
trations at the chain ends or fold surfaces.39 The main
increase in heat capacity is the potential energy increase
caused by the addition of the gauche defects. It may be
possible that the earlier observed reversible increase of
lamellar thickness46,47 has the same cause.

(2) Equilibrium melting and crystallization of paraf-
finic crystals. These paraffins melt reversibly at a
temperature that can be estimated from eq 2, modified
by the changes of multicomponent systems, as described
by the Flory-Huggins formalism.35,36 It must be re-
membered in this connection that chain ends (cilia) or
segments connected on both ends to polymer crystals
can act as paraffins when given sufficient mobility, as
was shown for polymers with sufficiently long side
chains.3

(3) Partially melted polymer segments that remain
attached to polymer crystals. These were identified by
their inability to be removed physically after melting48

Figure 14. Plot of the change in apparent, reversing heat
capacity for the data of Figure 13 as a function of annealing
time.
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and may be able to crystallize and melt reversibly
without the need to go through a molecular nucleation
process. This is most likely the major contribution in
the high-temperature reversible melting peaks of poly-
mers since the melting temperatures judged by eq 2
reach in this case the chain lengths which change from
small molecule to polymer behavior of Figure 11. Since
global equilibria do not exist in the melting region of
polymers, the reversible processes must take place
locally within a metastable structure, set up by the main
body of the interconnected crystals of the macromol-
ecules. Other components of this metastable structure
are the mobile- and rigid-amorphous fractions49 that
can also be studied by TMDSC.50

The study of the kinetics of changes of the reversing
heat capacity allows the separation of annealing pro-
cesses from truly reversible processes, even in the
presence of fully irreversible crystallization. The best
means to study the irreversible behavior is to compare
separate standard DSC data which yield the total,
apparent heat capacity data with the reversing data
from quasi-isothermal measurements, as shown in
Figures 2, 5, and 8. The quasi-isothermal analyses
permit the identification of instantaneous processes
relative to the time scale of calorimetry as well as slower
processes as shown in Figures 4, 7, 10, 12, and 13.

To summarize the results of the four different samples
analyzed in this paper, only PE560 approaches equilib-
rium and much of its reversible melting can be ex-
plained by effects (1) and (2), in addition to the possible
existence of mesophase transitions for the lower molar
mass fractions and some irreversible effects due to
instrument lag and sample kinetics (diffusion and
recrystallization). Practically all chain lengths of its
components are below the critical chain length of Figure
11. The crystals of PE1150 and PE2150 are also of the
extended chain nature as are the paraffins, but the
molecular lengths are within the range of change form
reversible to irreversible melting of Figure 11. These
two samples have the most completely irreversible
melting and crystallization behavior of the four samples.
All increases in the apparent reversible heat capacity
at low temperatures beyond that of the vibrational
contribution are probably of cause (1). The true revers-
ibility of PE560 changes increasingly from cause (2) to
cause (3) (peaks in Figure 6). In the polymer PE15520,
the apparent, reversing heat capacity increases and
stretches over a wider temperature range. At low
temperature it is less than the total heat capacity; i.e.,
the effect (1) is mixed with some irreversible melting
or annealing and possibly contains some reversible
melting of small paraffinic crystals (2) as seen to a much
larger extent in the poly(ethylene-co-octene)s.32,33 The
final, small amount of reversing melting above about
380 K, again, is expected to result from cause (3).

Obviously these assignments are only one of the first
attempts to separate the various reversible processes
between the glass and the melting transition. It is
obvious that the limit of the TMDSC method has not
been reached. Further work coupled with more specific
morphological studies can give additional insights. For
example, reversible effects described at the fold surface
of polyethylene43 must still be separated quantitatively
from possible additional side-surface effects as are
expected from the molecular nucleation and proven, for
example, for polypropylene,45 which shows no reversible
effects on the fold surface. Finally, the possible compli-

cation from rigid amorphous fractions can be separated,
removing a complication of particular importance for the
stiffer polymer chains, as shown for polycarbonate.50
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