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bstract

The heat capacity, Cp, of poly(oxyethylene), POE, with a molar mass of 900,000 Da, was analyzed by temperature-modulated differential
canning calorimetry, TMDSC. The high molar mass POE crystals are in a folded-chain macroconformation and show some locally reversible
elting, starting already at about 250 K. At 335 K the thermodynamic heat capacity reaches the level of the melt. The end of melting of a high-

rystallinity sample was analyzed quasi-isothermally with varying modulation amplitudes from 0.2 to 3.0 K to study the reversible crystallinity. A
ew internal calibration method was developed which allows to quantitatively assess small fractions of reversibly melting crystals in the presence
f the reversible heat capacity and large amounts of irreversible melting. The specific reversibility decreases to small values in the vicinity of
he end of melting, but does not seem to go to zero. The reversible melting is close to symmetric with a small fraction crystallizing slower than
elting, i.e., under the chosen condition some of the melting and crystallization remains reversing. The collected data behave as one expects for a
rystallization governed by molecular nucleation and not as one would expect from the formation of an intermediate mesophase on crystallization.
he method developed allows a study of the active surface of melting and crystallization of flexible macromolecules.
ublished by Elsevier B.V.
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. Introduction

Poly(oxyethylene), POE [O–(CH2–)2]x, is a structurally well
haracterized, semicrystalline, flexible macromolecule [1–14].
arlier, thermal analyses identified the glass transition temper-
tures, Tg, for the amorphous [15], semicrystalline [16], and
rystalline state [17,18], and the melting temperatures, Tm, and
eats of fusion, Hf [19]. The integral thermodynamic functions,
, S, and G, were derived from the heat capacity, Cp, and eval-
ated for the equilibrium states [20]. The thermal properties, in

urn, were linked to the molecular motion [21]. All these quan-
ities have been established and compared to other polymers in
he framework of the ATHAS Data Bank [22,23].

� This article has been authored by a contractor of the U.S. Government under
he contract no. DOE-AC05-00OR22725. Accordingly, the U.S. Government
etains a non-exclusive, royalty-free license to publish, or reproduce the pub-
ished form of this contribution, or allow others to do so, for U.S. Government
urposes.
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ature-modulated differential scanning calorimetry (TMDSC)

The symbol Cp for heat capacity is applied in this paper to
he thermodynamic as well as the apparent, reversing, and total
eat capacities, all measured at constant pressure. In case the
iscussed Cp needs to be distinguished from the others, the
ppropriate adjective is added. The term apparent, thermody-
amic Cp applies to a heat capacity that includes latent heat
ffects, as expressed by the equation for the change in overall
nthalpy:

H =
(

∂H

∂T

)
p,n

dT +
(

∂H

∂n

)
p,T

dn, (1)

here (∂H/∂T)p,n represents the thermodynamic heat capacity,
he latent heat effect is (∂H/∂n)p,T, and dT and dn the changes
n temperature and composition, respectively. For crystalliza-
ion and melting, the composition can be represented by the
rystallinity, wc, with the latent heat being the heat of fusion,
Hf. The apparent heat capacity is dH/dT, and the changes

n composition during dT must be evaluated separately from

∂H/∂n)p,T/(dn/dT), or (∂�Hf/∂wc)p,T /(dwc/dT ).

The term “reversing” is used for the apparent Cp, deconvo-
uted from the “non-reversing” Cp by subtracting the “total”

p which refers to the sliding average over one modulation
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Fig. 1. Characteristic information on POE [24,16,17]. (a) Standard DSC trace of the melting of extended-chain crystals of low-molar-mass POE, showing an apparent
Cp including the latent heat of fusion (melting peak), superimposed on the thermodynamic Cp from quasi-isothermal TMDSC. (b) Standard DSC traces at 10 K min−1

on cooling and heating. The heating traces were carried out with the as delivered, fresh samples (1st heating) and after the cooling-run from the melt (2nd heating). (c)
C sing C
i ynam

p
h
o
d
o
m
l
l
i
w
T
m
r
h
d

l
P
i
c
i
c
f
c
t
(
t
c
r

e
b
t
C
t
F
C
a
l
t
a
o

2

2

a
p
d
m
t
w
b

omparison of DSC and TMDSC of the as delivered sample. (d) Apparent rever
nto thermodynamic Cp (heavy line) and latent heat contributions. The thermod

eriod. The term “reversible” is used only when the observed
eat-flow rates on quasi-isothermal measurement are constant
ver long times, indicating that all irreversible changes have
ecayed to zero and the sample is metastable. Waiting times
f more than 1 h were required only within the reversing
elting peak. In the presently analyzed samples, a reversible

atent heat of melting was indicated whenever a reversing Cp

arger than the thermodynamic Cp was observed. The revers-
ng melting of lower molar mass POE was studied earlier
ith temperature-modulated differential scanning calorimetry,
MDSC [16,24–27]. The extended-chain crystals of low molar
ass have a structure that is close to equilibrium and shows no

eversible melting, while the folded-chain crystals with relative
igh molar mass show some locally reversible melting, which
epends on crystallization conditions and molar mass [16].

In the present research, the reversing melting and crystal-
ization of a POE with an average molar mass of 900,000 Da,
OE900k, is studied with quasi-isothermal TMDSC with chang-

ng amplitude in the melting range to gain information on the
hange of reversibility. Relevant earlier data are summarized
n Fig. 1. First, in Fig. 1a, the irreversible melting of extended-
hain crystals of ≈1500 Da is documented [24]. The irreversible
usion is seen from the total Cp by standard differential scanning
alorimetry, DSC. The thermodynamic Cp without melting con-
ributions, by the reversing Cp from quasi-isothermal TMDSC

�) which contains for this sample practically no latent heat con-
ribution. The heat-flow rates by standard DSC for POE900k on
ooling and for heating after two different crystallization histo-
ies are compared in Fig. 1b [17]. The listed crystallinities are

l
t
p
i

p of a high-molar-mass POE extrapolated to 100% crystallinity, and separated
ic Cp has the appearance of a glass transition.

stimated from the heat-flow rates relative to a suitable straight
aseline. Fig. 1c illustrates the total, apparent Cp as gained from
he standard DSC, and the quasi-isothermal, apparent, reversing

p (©). The vibrational Cp of the crystals of PEO and the con-
ribution to Cp caused by large-amplitude motion are shown in
ig. 1d together with the quasi-isothermal, apparent, reversing
p on second heating. The sum of the vibrational and large-
mplitude Cp is the thermodynamic Cp marked by the heavy
ine [18]. Its increase is interpreted as the Tg of the crystal at
he temperature of half-increase. This observation is based on
thermodynamic description of crystallization consisting of an
rdering and a glass transition [17,18].

. Experimental

.1. Material

The poly(oxyethylene), POE900k, used in this research had
viscosity-average molar mass, Mv, of ≈900,000 Da and was

urchased from Aldrich Chemical Co. It is a white powder of
ensity d = 1.210 Mg m−3 and with a crystallinity of approxi-
ately 90%. On cooling from the melt at 10 K min−1, this crys-

allinity decreases to about 70%. Decomposition was inhibited
ith 200–500 ppm BHT (butylated hydroxytoluene, 3,5-di-tert-
utyl-4-hydroxytoluene), added by the manufacturer. The equi-

ibrium melting temperature for this molar mass POE is taken
o be 342 K [27], the glass transition temperature of the amor-
hous polymer was estimated to occur at 206 K [15], although
t is broadened considerably due to crystallinity. The glass tran-
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ition of the crystal, taken at the midpoint of the increase of Cp,
s seen in Fig. 1d at 324 K [16,17].

.2. Instrumentation and experimental details

The calorimetry was carried out with a Thermal Analyst 2920
ystem from TA Instruments, Inc. The calorimeter is of the
soperibol heat-flux, twin type, capable of standard DSC and
uasi-isothermal temperature-modulated TMDSC. The temper-
ture measurement and modulation control is by the sample-
emperature sensor. During the experiments, a refrigerated cool-
ng system with a cooling capability to 220 K, was used, and dry

2 gas with a flow rate of 25 mL min−1 was purged through
he DSC cell. The temperature was calibrated in the standard
SC mode, using the onset temperature of the melting-transition
eak for indium at 429.75 K, and the heat-flow rate was pre-
alibrated at a scanning rate of 10 K min−1 with the specific
eat of fusion of indium of 28.62 J g−1 [28]. The melting tem-
erature of indium was also measured in the quasi-isothermal
MDSC mode with a 0.5 K amplitude and 100 s period after cal-

bration in the standard DSC mode, to identify any differences.
t was found that quasi-isothermal TMDSC experiments after
nitial standard DSC calibration led to a melting temperature of
28.89 K. To correct the temperatures from the quasi-isothermal
easurements, a constant of 0.86 K was added to the average

emperatures of the quasi-isothermal measurements carried out
t To.

In all the experiments, standard aluminum pans of 20 �L

ith covers were used for the sample and the empty reference. A

omewhat lighter reference pan was used for all measurements to
pproximately correct for the asymmetry of the calorimeter [29].
he standard DSC was performed at 10 K min−1. A fresh POE

t
f
l
t

ig. 2. Time dependence of the apparent reversing Cp of POE [17]. (a) Apparent rev
he peak temperatures shown in (a). (c and d) Modulated heat-flow rates on quasi-iso
ica Acta 448 (2006) 136–146

ample was used in all 1st heating runs.The quasi-isothermal
MDSC was carried out using sinusoidal modulation about
uccessive base temperatures, To, with a modulation period of
= 100 s, and a modulation amplitude varying from 0.2 to 3.0 K.
he quasi-isothermal runs were used to calculate the apparent,

eversing Cp:

cp = AΦ

ATgω
×

√
1 + τ2ω2, (2)

here m is the sample mass; cp, the specific heat capacity in
K−1 g−1; A�, the amplitude of the heat-flow rate; ATs , the
mplitude of the temperature modulation; ATsω is the ampli-
ude of the heating rate for a sinusoidal modulation with fre-
uency ω (=2π/p, where p is the period in s); and τ represents
he calibration factor at the given conditions [30]. To mea-
ure the crystallinity of the sample, a standard DSC trace at
0 K min−1 was occasionally run immediately after the comple-
ion of the quasi-isothermal TMDSC. Unless otherwise stated,
he crystallinity, wc, shown in the figures was calculated from

c = (�H(measured)/�Hf), where the heat of fusion of 100%
rystalline POE is 196.6 J g−1 at the equilibrium melting tem-
erature of the sample, T 0

m = 342 K [22,23].

. Results

.1. The reversible melting of POE900k

Fig. 2 illustrates the quasi-isothermal TMDSC [17]. In Fig. 2a

he apparent reversing Cp of Fig. 1c is amplified, and data
or cooling and the second heating are added. In Fig. 2b, the
ong-time quasi-isothermal analyses are given at the three peak
emperatures shown in Fig. 2a. The double exponential fit to the

ersing Cp of the samples of Fig. 1b. (b) Long-time quasi-isothermal analysis at
thermal analysis of melting on heating and crystallization on cooling.
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urves yields the reversible Cps at infinite time. The decreas-
ng reversing Cp does not reach the expected thermodynamic

p, as mentioned above. For truly reversible melting, as is
nown in crystal-seeded indium, the range of reversibility could
e proven by quasi-isothermal TMDSC to be narrower than
0.05 K [31,32]. The short relaxation times in Fig. 2b are partly

ue to lags within the calorimeter and overlap with the irre-
ersible melting and crystallization. The long relaxation times
ecrease with temperature and are linked to slow crystal perfec-
ion. Fig. 2c and d contain plots of the reversing heat-flow rates
t the melting peak of 339.0 K and the crystallization peak at
29.1 K of Fig. 2a. At the start of the experiments, the mod-
lated portion of the heat-flow rate is superimposed on the
ontinuing irreversible melting (endotherm) or crystallization
exotherm). Initially the superimposed modulation is asymmet-
ic, but approaches close to symmetric amplitudes within a few
inutes. After about 5 min a meaningful reversing Cps can

e calculated with Eq. (2). The major irreversible melting has
ecayed after about 15 min, while the crystallization continues
o about 25 min, agreeing with the generally slower crystal-
ization than melting. At the beginning of melting at 339 K in
ig. 2c, the endothermic reversing heat-flow rate is larger than

he exothermic one. This excess in the endotherm decreases with
ime, while the exotherm exceeds its constant level for long
imes. At about 10 min into the experiment, a shallow maxi-

um appears in the amplitude of the exotherm, connected to the

eorganization or recrystallization of the crystals. Once the crys-
al portions produced by the local crystallization are improved
eyond those of the melted parts, the next cycle of melting can-
ot melt them again, causing the decrease in Cp, described by

c
a
d

ig. 3. Modulated heat-flow rates and reversing Cp of PEO900k as a function of time
ifferent modulation amplitudes (p = 100 s). (c and d) The same experiment after heati
see Fig. 2a).
ica Acta 448 (2006) 136–146 139

he second relaxation time of Fig. 2b. Ultimately, the locally
eversible melting process is reached beyond 300 min. In the
ooling run at 329.1 K of Fig. 2d, close to similar exotherms and
ndotherms are reached more quickly and are superimposed on
he slower irreversible crystallization.

.2. Amplitude-dependence of the quasi-isothermal
MDSC

The effect of the modulation amplitude on the reversing,
pparent Cp within the melting peak of the fresh sample was
tudied by a sequential measuring program as illustrated in
ig. 3. In Fig. 3a the change of the heat-flow amplitudes is illus-

rated for a molten sample, quickly cooled to 338.4 K. This is a
emperature just below the maximum in reversing melting of the
resh sample on heating. The sample was then analyzed in each
f nine steps with modulation amplitudes of 0.2–3.0 K and back
o 0.2 K. Crystallization begins only below 331 K, as was found
arlier on the same PEO900k by cooling from the melt as illus-
rated in Fig. 2a [17]. Since in this experiment there is no latent
eat effect, one can see in Fig. 3a a quick attainment of steady
tate for all modulation amplitudes and the overall reversing heat
apacity of the sample in Fig. 3b is constant and identical for
ll amplitudes, as expected. This information is used as baseline
or the discussion of the reversing melting of the crystallized
ample of Fig. 3c and d.
In Fig. 3c and d a fresh sample of PEO900k of initially 90.3%
rystallinity is analyzed by a series of 20 min modulation with
n amplitude of 0.5 K up to 337.9 K with results similar to the
ata shown in Fig. 2a. This is followed by the experiment at

. (a and b) After cooling from the melt to a base-temperature To of 338.4 K and
ng a fresh sample quasi-isothermally with an amplitude of 0.5 K to To = 338.4 K
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Fig. 4. Reversing Cp of PEO900k as a function of time. Repeat run of Fig. 3d at
338.4 K with long-time modulation and amplitudes of 0.5 and 3.0 K, followed
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Fig. 5. Reversing Cp of PEO900k as a function of time. Repeat run of Fig. 4 at
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lier times relative to the time expected from the average of the
y DSC to the melt and quick cooling to 338.4 K for the determination of the
eference Cp.

38.4 K, starting at the time 0 of Fig. 3c. The corresponding
eversing heat capacity is displayed in Fig. 3d. There is a larger
esponse than expected from the thermodynamic heat capacity
f a semicrystalline sample. Steady state is not reached in the
0 min time periods for each amplitude. Major amounts of irre-
ersible melting can be seen for the amplitudes 2.0 and 3.0 K,
nd less reversing melting is obvious after the 3.0 K modula-
ion. In the last four steps, the heat capacity approaches that of
ig. 3b (after normalizing to equal masses). At time zero, the
rystallinity can be estimated from the standard DSC in Fig. 1b
o be 63%, as is illustrated in more detail in Fig. 8d, below.

Analogous experiments were carried out at higher tempera-
ures to ascertain the end of melting from experiments at base
emperatures of To = 338.9, 339.4, and 340.4 K. In these three
xperiments, practically no melting was observed beyond the
.0 K amplitude. The data will be discussed in Section 4.2 with
ig. 7.

In order to increase the accuracy of the experiments at higher
emperatures, and also all subsequent measurements with longer

odulation sequences, the reference runs were made immedi-
tely after the melting sequence without removing the sample
rom the calorimeter. After the initial quasi-isothermal analysis,
he sample was heated by standard DSC to complete the melting
nd to gain information on crystallinity. Next, the melted sam-
le was cooled to the earlier To for a reference sequence as was
arried out before in a separate run. From the experiments on
ooling, one expects no crystallization above 331 K.

In Fig. 4, the modulation sequences at 338.4 K are extended to
00 min for amplitudes of 0.5, 3.0, and 0.5 K, followed by com-
lete melting and determination of a baseline. The remaining
rystallinity at 300 min is only 2.3%. Fig. 5 represents the results
f identical experiments carried out at a temperature lower by
.5 K. The changing crystallinities are marked in the figure. They
ere derived from separate experiments. After the last modu-

ation, the crystallinity is 20 times higher than at 338.4 K. As

n Figs. 4 and 3d, the initial endothermic spikes in the apparent
eversing heat capacity are indicating the irreversible melting.
uring the spike, the apparent, reversing Cp is not properly

a
f
t

37.9 K with long-time modulation and amplitudes of 0.5 and 3.0 K, followed
y DSC to the melt and quick cooling to 337.9 K for the determination of the
eference Cp.

econvoluted from the total Cp because of nonstationarity. The
low increases in reversing Cp is connected to an increase in
rystallinity of the runs at 3.0 and subsequent 0.5 K amplitude.
uch an increase in Cp is also seen for 338.4 K, but to a lesser
egree.

. Discussion

.1. Analysis of the components of the modulated heat-flow
ates in Fig. 3

For a more detailed analysis of the melting behavior seen in
igs. 3–5, expanded heat-flow-rate curves were computed. The

ast 5 min of the measured heat-flow rates of the reference exper-
ment, gained by cooling from the melt to the given temperature,
ere subtracted from heat-flow rates of the fresh, semicrystalline

amples which approached the same temperature by heating.
he phase-shifts of the heat-flow rates were small, as can be
een from the shift in maxima and minima for the experiments
ith larger modulation amplitudes. The resulting difference

n heat-flow rate, �Φ, allows a discussion of the reversing
elting.
The heat-flow-rate obtained after cooling from the melt is

rawn in Figs. 6a–d and 7a as the solid line in the bottom portions
f the graphs. The amplitudes increase linearly with increasing
odulation, as expected. The amplitudes of the semicrystalline

amples are superimposed as dashed lines. They include the
atent heats of the reversible melting. The heat capacities of
he amorphous and crystalline phases are practically identical
n this temperature region (see Fig. 1d). As a result, the curves
f �Φ should give a measure of the latent heat during mod-
lation. Checking the symmetry of the modulation due to the
atent heat relative to time, one observes for all five curves
hat the exothermic maximum is shifted by 2.5 ± 1.1 s to ear-
djacent exothermic minima, a finding which will be discussed
urther in Section 4.3. The reference curve after cooling from
he melt is strictly symmetric, as can be checked by flipping
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Fig. 6. Analysis of the heat-flow rates during the last 5 min of the first four modulation sequences in Fig. 3. Shown are the modulated temperatures in the center
traces, the heat flow rates of the semicrystalline sample from Fig. 3c and the reference in Fig. 3a as the bottom traces, and their heat-flow rate difference �Φ as the
t

F
t
t
o

op traces.

ig. 7. (a) Analysis of the heat-flow rates during the last 5 min of the fourth modula
race, the heat flow rates of the semicrystalline sample from Fig. 3c and the referenc
op trace. (b–d) Analogous runs, modulated at 338.9, 339.4, and 340.4 K with sample
f 3.0 K.
tion sequences in Fig. 3. Shown are the modulated temperatures in the center
e in Fig. 3a as the bottom traces, and their heat-flow rate difference �Φ as the
masses of 3.148, 3,313, and 3.134 mg, respectively. All runs are at amplitudes
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he curves about a vertical axis and superimposition. The corre-
ponding apparent heat capacities in Fig. 3 were computed from
q. (2), making use of the dotted temperature amplitudes in the
enter and the dashed heat-flow-rate amplitudes. Their magni-
udes are discussed in Section 4.4. The phase-shifts between
he different heat-flow rates could also be used to deduce
hermal effects, but are more difficult to properly calibrate
34,35].

In Fig. 6a, the experiment with the smallest amplitude of
emperature modulation, an unmodulated (irreversible) shift is
een in the endothermic direction of �Φ. This small endotherm
s constant and has the same magnitude for the other four
mplitudes of Fig. 3, displayed in Figs. 6b–d and 7a (average:
0.9 ± 7 mW g−1, sample mass 1.183 mg). The heat-flow rate
er unit mass is larger than could originate from the continuing
rreversible melting. In Fig. 2c a sample of 4.362 mg at 339 K was
nalyzed. In this experiment the irreversible melting has already
ecreased after 10 min from its initial value of 160 to 23 mW g−1

nd decreases exponentially at longer times. Furthermore, the
ater comparisons in Figs. 7–9 where done by calibrations with-
ut removal of the sample from the calorimeter and showed
o endothermic deviation in �Φ. Based on these observations,
ne must assume that the small, constant endotherm in �Φ is
systematic error caused by the separate run for the baseline
ith different sample, pan, and placement of the pan. Similar
onstant changes in the asymmetry of the heat-flow rates have
een observed in the past when pans were deformed during the
xperiment [33]. f

ig. 8. (a–c) Analysis of the heat-flow rates during the last 5 min of the first three m
enter traces, the heat flow rates of the semicrystalline sample and the reference in
races. (d) Fractional crystallinity as determined from standard DSC on heating of th
eat of fusion (compare also to Fig. 1b).
ica Acta 448 (2006) 136–146

.2. Analysis of the end of melting

Next, Fig. 7 provides a comparison for the 3.0 K modula-
ions at four increasing base temperatures, To. The last sizeable
eversible melting occurs at To = 338.4 K (Fig. 7a). Its mod-
lation reaches up to 341.2 K. In Fig. 7b–d only negligible
eversible latent heat is left. At 338.9 K, the modulation reaches
p to 341.6 K, and at 339.4 and 340.4 K to 342.1 and 343.1 K,
espectively. These temperatures are in agreement with the equi-
ibrium melting temperature for the PEO900k at 342.0 K [27].

remaining uncertainty of, perhaps, 1 K can be accounted for
y a small amount of the sample in the center of the pan which
ay retain a somewhat lower temperature than indicated by the

xternal thermocouple. Such internal temperature gradients are
xpected in quasi-isothermal TMDSC and were documented by
xternal, contact-less infrared thermography from outside the
alorimeter [36]. It was shown in Ref. [36] that the upper sur-
ace of the aluminum pan follows the temperature of the bottom
urface without a significant lag. The lower thermal conductivity
f the sample, however, causes gradients which make the interior
f the aluminum-encased sample have a decreased modulation-
mplitude.

.3. Analysis of the components of the modulated heat-flow
In Fig. 8a–c comparisons of heat-flow amplitudes are given
or the long-time experiment of Fig. 4. Fig. 8a and c illustrate

odulation sequences in Fig. 4. Shown are the modulated temperatures in the
Fig. 4 as the bottom traces, and their heat-flow rate difference �Φ as the top
e fresh sample at 10 K min−1 considering the temperature-dependence of the
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he difference of the sample of high and low crystallinity, both
odulated with an amplitude of 0.5 K. The differential heat-
ow rates are symmetric to the zero line. In Fig. 8a the sample
hould still have a crystallinity of close to the 60% as estimated
or the analysis given in Fig. 8d. The two differential maximum
mplitudes of �Φ derived from Figs. 8a and 6b are similar (90
nd 116 mW g−1, respectively), and the shift of the exothermic
aximum to earlier times is also of the same magnitude. By

00 min into the experiment, the time of the end of the second
.5 K modulation, the crystallinity has dropped to 2.3% and,
ccordingly, the amplitude in Fig. 8c is practically zero. The
Φ at the 3.0 K amplitude in Fig. 8b is about the same as in
ig. 8a (maximum of 80 mW g−1), but should be much bigger
ecause of the higher modulation amplitude. Fig. 4 suggests, that
his decrease is due to a drop in crystallinity, indicated by the
trong endothermic spike in the Cp curve at the beginning of the
.0 K modulation. A comparison with the change in crystallinity
n measurement by standard DSC is illustrated in Fig. 8d. This
gure was calculated using the proper heat capacity baseline and
onsidering the change of heat of fusion with temperature [17].
urther discussion of the reversibility is given in Section 4.5.

.4. Analysis of the components of the modulated heat-flow
ates in Fig. 5

In Fig. 9, the same comparison of heat-flow amplitudes as

n Section 4.3 is given for a temperature lower by 0.5 K, based
n the long-time experiment of Fig. 5. The crystallinity of this
ample at time zero is estimated from Fig. 8d to be 67%. With
he lower To, a more gradual change in crystallinity is reached.

4

p

ig. 9. (a–c) Analysis of the heat-flow rates during the last 5 min of the first three m
enter traces, the heat flow rates of the semicrystalline sample and the reference in Fi
nset in (b) displays a superposition of a reference curve from the indicated parsed se
ica Acta 448 (2006) 136–146 143

n addition, the experiment was repeated several times for dif-
erent lengths of time to evaluate the crystallinities. Fig. 9a and
illustrate the difference of identical temperature modulation

t different crystallinities. The differential heat-flow rates are
ymmetric about the amplitude zero, and the two maxima are
19 and 186 mW g−1 when normalized to 100% crystallinity
nd unit temperature modulation. The normalized maximum in
Φ in Fig. 9b is much larger (315 mW g−1).
The difference in length of the two half-cycles of �Φ in

ig. 9b is now obvious. The crystallization half-cycle reaches
ts maximum about 5 s earlier than expected from a sinusoidal
esponse. The inset in Fig. 9b was generated by parsing the
ndicated quarter of heat-flow-rate response beyond the melting
eak (REF) and generation a full reference curve. The parsed
ection is expected to be closest to equilibrium because of the
sually faster melting than crystallization. The shaded area cre-
ted by the overlaid reference curve shows that the crystallization
lows as the temperature decreases from To and continues with
n exothermic contribution up to melting peak. In this way, the
verall integral of the heat-flow rate over one period stays practi-
ally constant. With these analyses, it is shown that TMDSC has
he potential of supplying more detail about reversible melting.
lthough the heat capacity analysis in Section 4.5 gives more
uantitative data, it needs the heat-flow rate data to assess the
symmetries.
.5. Analysis of the specific reversible heat capacities

The three sets of modulation experiments, which are dis-
layed in Figs. 3–5, were carried out to obtain information about

odulation sequences in Fig. 5. Shown are the modulated temperatures in the
g. 5 as the bottom traces, and heat-flow rate differences �Φ as top traces. The
gment of 1/4p. (d) Difference of the of the two 0.5 K modulations.
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he change in specific reversibility at the end of melting. The
pecific reversibility is given by the percentage of the reversible
elting relative to the total melting (the loss of crystallinity

n heating by 1 K at the same average temperature) [37]. The
otal melting should be measured by a comparable standard DSC

easurement, which, however, suffers in the melting range from
n increasing instrument lag [38]. A method which resolves this
roblem in a single measurement is a temperature modulation
n the sawtooth mode with sufficiently long periods so that the
tandard DSC and reversible TMDSC can be evaluated from
he same measurement [39]. In the present experiment, a simi-
ar method was used by combining sinusoidal modulation with

separate standard DSC trace. The total melting contributes
lso to the endothermic spikes in the jump to the first modu-
ation cycle at higher temperature, To, or of larger amplitude,
. Separation from instrument effects, continued melting, and

eorganization, however, makes this simultaneous evaluation
ifficult, so that spikes were only used as qualitative indicators
or the irreversible decrease in crystallinity.

The apparent heat capacities for the time period close to
eversibility were then converted first to reversible latent heats
er kelvin of temperature change by subtracting the appropriate
eat capacity of the melt, either from separate calibration runs or
y consecutive calibration after melting and cooling of the same
ample to the temperature of analysis. The resulting reversible
atent heat is then converted into the change of crystallinity (in
er cent) by division with 1.966 J g−1, the latent heat to melt 1%
f crystallinity close to T o

m (see Eq. (1)).
Comparing the crystallinity of 55.5% of Fig. 5 with the data

f Fig. 8d by standard DSC, one can conclude that up to 338.4 K
here is only little temperature lag in the latter. The 0.5 K mod-
lation reaches up to 338.4 K for which Fig. 8d registers a
rystallinity of 62.8%, a value which is reasonable for time zero
n Fig. 5. The slope of the crystallinity curve of Fig. 8d changes
rom 2% K−1 (at 80% crystallinity or 333.4 K), to 4.5% K−1

70% or 337.1 K) and 8.5% K−1 (60–40% or 340.4–341.4 K).
his also compares well with the change of crystallinity in Fig. 5
cross the tallest melting peak which causes a change in the
rystallinity of (55.5–37.6) = 17.9% for a change in maximum
emperature of 2.5 K (for a slope of 7.2% K−1). With the data
f Fig. 5 at the time of 100 min, the specific reversibility for the
.5 K modulation is 18%. Using the higher slope of 8.5% K−1 for
he 3.0 K modulation at 125 and 200 min, the specific reversibil-
ty is decreased to 12 and 12.7%, respectively. At 215–300 min,
n decreasing the modulation amplitude back to 0.5 K, the spe-
ific reversibility reduces further to 7%. An estimate of the error
n these data can be gained by assuming a linear change in crys-
allinity from 337.9 K, where the lag is still small, to the end
f melting at 341 K (see Fig. 2a). This results in a slope of
5% K−1, so that the last three specific reversibilities may be
nly half the quoted values because of the lag of the standard
SC experiment.
The reduction of the specific reversibility between the two
.5 K modulation sequences by more than the decrease in crys-
allinity is in accord with the connection of the reversible melting
o molecular nucleation [40] as first suggested on the discovery
f reversible melting on the example of poly(ethylene terephtha-

d
i
t
S

ica Acta 448 (2006) 136–146

ate) [41]. By melting of chain segments at the surface without
osing the molecular nucleus, reversibility finds a simple expla-
ation. The intermediate raising of the amplitude of modulation,
auses further melting and a loss of the less stable molecu-
ar nuclei. Such different melting temperatures for different
egments of high molar mass polymer molecules were earlier
roven directly for polyethylene by fractionation after partial
elting [42]. One assumes that the higher melting segment of

he same molecule provides the molecular nucleus for the lower
elting segment, which can now melt reversibly until the higher
elting segment is removed with a higher modulation ampli-

ude. There is no easy explanation for reversible melting when
nvoking an intermediate, less-ordered phase, as has been spec-
lated to occur on crystallization [43].

The increase in crystallinity by 8.9% over the 80 min of
.0 K modulation between the measurements in Fig. 5 cannot
e exclusively linked to the slow crystallization seen in the inset
f Fig. 9b. The slow crystallization accounts for about 15%
f the integrated differential heat-flow rate of one cycle, while
he total reversibility corresponds to a crystallinity change by

3.2%, i.e., the 48 cycles would produce three times as much
f an increase of crystallinity. This more detailed analysis of
he asymmetry between melting and crystallization suggest that
esides the main, fully reversible part of melting and crystalliza-
ion, there is a slower crystallizing fraction. The earlier observed
issajous ellipses were almost symmetric [17], but based on the
onstruction in Fig. 9b one must conclude now that some of
he melting is reversing and not reversible, i.e., shows differ-
nt melting and crystallization temperatures. Since this slower
rystallization stretches into the temperature region of melting,
ne might expect that part of this crystallization at higher tem-
erature leads to higher crystal perfection and may cause the
low increase in crystallinity, lasting in the case of the 3.0 K
odulation beyond 100 min.
Earlier approximations of the specific reversibility were

eported for folded-chain crystals of high-density polyethylene
44]. Between 280 and 350 K, the specific reversibility ranged
rom 50–75%, decreasing toward zero when approaching the
nd of melting. For linear-low-density polyethylenes of about
0 wt.-% 1-octene, the specific reversibility between 250 and
00 K reached a maximum close to 90% [44], again, decreasing
oward zero at higher temperatures. Extended-chain polyethy-
ene [45], POE [16], and also low-molar-mass POEs grown
nto folded crystals [17], in contrast, show close to 0% spe-
ific reversibility, as seen in Fig. 1a [24], i.e., such samples
how no locally reversible melting. The limit of 100% specific
eversible melting of normal paraffins and short-chain polyox-
des was also established by TMDSC. It occurs at about 75
hain atoms [26], much shorter than the limit of chain folding
t about 250 chain atoms which was established by studies of
he morphology [46,47]. In this paper the approach to the final

elting of the high-molar-mass, folded-chain POE is shown for
he first time to reach small values of specific reversibility, but

oes not go to zero. Even the highest temperatures in Fig. 7
llustrate still traces of reversibility, although the true sample
emperature may lag somewhat in temperature, as discussed in
ection 4.2.
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Looking back to Fig. 4, referring to 0.5 K modulation with
orrespondingly lower crystallinities than in Fig. 5, the spe-
ific reversibility, using the 8.5% K−1 for the 0.5 K modula-
ion at 100 min, yields a value of 14% in good accord with
ig. 5. For the 0.5 K modulation at 300 min, the reversible

atent heat is 0.16 J K−1 g−1, corresponding to less than 0.1% of
rystallinity. Assuming all of the remaining 2.3% crystallinity
elts on heating by one more kelvin, the specific reversibility
ould reach 3.5%. Using the same slope for the 3.0 K modu-

ation, a reversibility of 8.2% is obtained. The lower increase
n crystallinity with modulation time in Fig. 4 is simply due
o the lesser remaining crystallinity than in Fig. 5. Fig. 3,
nally shows no increase in crystallinity with time, the ini-

ially larger endotherm seen in Fig. 2c is not decayed suffi-
iently to see the effect of the annealing exotherm with the
onger relaxation time. Estimating the specific reversibility of
he initial modulation sequences of 0.2, 0.5, 1.0, and 2.0 K
ith the 8.5% K−1 slope of Fig. 8d, yields 16, 16, 17, 13%.
he remaining modulations give reversible latent heats of the
ame magnitude as the 3.0 and 0.5 K modulations in Fig. 4.
ecause of the less-accurate calibration, discussed in Section
.1, no quantitative comparison can be given for the small
mplitudes.

. Conclusions

In this research quasi-isothermal TMDSC is explored for the
uantitative analysis of the reversible melting of POE of high
olar mass (Figs. 6–9). Calibration methods were developed

o assess reversible crystallinities as small as 0.08%. A latent
eat of 0.16 J K−1 g−1 in a 1.8 mg sample was measured in the
resence of a heat capacity of 3.3 J K−1 g−1 of the overall sam-
le, and separated from a total, irreversible heat of fusion of
23.5 J g−1 during the overall experiment in Fig. 4. The melt-
ng end is explored with Fig. 7 and points to the possibility
o also study the crystal-melt distribution within the sample
an during TMDSC. The earlier experiments, as summarized
n Figs. 1 and d and 2, established reversing melting for crys-
als of high molar-mass POEs, a glass transition temperature
ower than the irreversible melting peaks, and typical relaxation
imes for the crystal perfection [16,17]. Based on these results,
he present measurements allow for the first time to quantita-
ively study the melt end of a polymer as displayed in Figs. 3–5.
t was observed that the specific reversibility decreases as one
pproaches the melting end, but seems not to reach zero before
ompletion of the irreversible melting. The distribution of the
elting points of the reversibly melting species is broad and a

mall, characteristic fraction melts faster than it recrystallizes,
.e., it remains reversing under the chosen conditions. A quan-
itative separation of this fraction is possible with the analysis
epicted in Fig. 9b. All observations point to the significance

f the molecular nucleation process [40]. Because of the simi-
arly observed reversible melting in many other semicrystalline,
exible macromolecules [48], TMDSC opens an opportunity of
uantitative analysis of the crystal surface during melting and
rystallization.
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