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ABSTRACT: The heat capacities, C,, of poly(oxyethylene), POE, with molar masses from 1500 to 900 000
Da, were analyzed by differential scanning calorimetry (DSC), quasi-isothermal, temperature-modulated
DSC (TMDSC), and wide-angle X-ray diffraction (WAXD). There is no change in crystal structure before
melting, but the lattice parameters increase rapidly in the melting region. Perfected extended-chain and
once- or twice-folded crystals of the oligomers with a molar mass above 1100 Da melt practically fully
irreversibly and permit direct measurement of the thermodynamic C,. The folded-chain crystals of high
molar mass show some locally reversible melting. The reversing, apparent C, depends on molar mass
and amplitude and frequency of modulation. After separation from the latent heat effects, the reversible,
thermodynamic C, depends on the melting temperature for low molar masses and increases beyond the
vibrational C, due to conformational motion. Molar masses of 8000—20 000 have almost the same C,.
These observations permit a quantitative discussion of the thermodynamic C, and the locally reversible
melting of the globally metastable POE in the melting range. The increase in C, between 250 K and the

melting temperature is interpreted as a glass transition within the crystal.

Introduction

Thermal analysis, as carried out by standard dif-
ferential scanning calorimetry (DSC), can produce quan-
titative heat capacities at constant pressure, p, abbre-
viated as C,. The thermodynamic C, at constant
composition, n, is a function of state and is, as usual,
defined as
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with H representing the enthalpy and T the tempera-
ture.! For macromolecules, eq 1 for the solid state from
0 K up to the beginning of the glass or melting transition
has been quantitatively related to the vibrational motion
of the constituent atoms.»2 The theory of the thermo-
dynamic Cp(vibrational) is well-enough known to allow
extrapolation to higher temperatures, so that the in-
crease of C, observed at higher temperature can be
related to increasing contributions from large-amplitude
conformational motion with its accompanying external
contribution, largely represented by the difference
bet;z&;een C, and the heat capacity at constant volume,
c,.b

For semicrystalline polymers, an increasing latent
heat effect, L = (0H/dn),, 1, is observed as one approaches
the melting transition. The latent heat is either positive
(endothermic), as in melting, or negative (exothermic),
as in crystallization, annealing, crystal perfection, or
recrystallization. The two contributions to H from C,
and L are related to the change in enthalpy:

= 5p),, 47+ (5],

a (2)

where dn indicates the change in composition. For
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crystallization and melting, for example, n can be
replaced by the crystallinity, w., with L = AH; (repre-
senting the heat of fusion). Since with scanning calo-
rimetry the change in n cannot be fully controlled, one
usually measures an apparent heat capacity C,* and the
latent heat is computed after subtracting the appropri-
ate C, from C,*.1

Many of the processes coupled to a latent heat in
macromolecules are irreversible. In the past 10 years,
commercial temperature-modulated differential scan-
ning calorimetry (TMDSC) has become available for the
study of reversibility. The TMDSC can separate ir-
reversible from reversible effects, and a larger number
of macromolecules have been studied in this fashion.*
The response in heat-flow rate, ®, to the temperature
modulation is separated from the response to the
underlying effect of scanning with linearly increasing
or decreasing temperature by subtracting the sliding
average over one modulation period, [@(¢)] from the
instantaneous heat flow rate, ®(¢). This deconvolution
leads to the total heat flow rate, which is similar to the
standard DSC result, and to a pseudo-isothermal value
from the modulation effect, the reversing heat flow rate.?
The term reversing is customarily used in the field of
TMDSC for the raw data, to distinguish these from the,
within the instrumental limits, thermodynamically
reversible data. Without further analysis, the recorded
reversing heat flow rate may have erroneous contribu-
tions when the response to the modulation is nonlinear
or the sliding average is nonstationary.-

Outside the transition ranges, the heat flow rates
from the standard DSC and the reversing heat flow
rates from TMDSC, given by eqs 3 and 4, respectively,
lead usually to identical values of C,, an indication of
full reversibility of the molecular motion:
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where m is the sample mass, ¢, the specific heat capacity
in J K71 g71, AT the temperature difference T, — T, a
quantity proportional to ®, with r and s designating
reference and sample; g is the heating rate d7Ty/d¢ and
A the respective modulation amplitudes. Note that Az.w
is the amplitude of the heating rate for a sinusoidal
modulation with frequency o (= 27/p, where p is the
period in s). If the modulation amplitude is not sinu-
soidal, a Fourier transformation into the various har-
monics is made, and eq 4 applies then to the chosen
harmonic (usually the first). The equivalence of g and
Ar.w demonstrates the similarity of eqs 3 and 4. The
second terms in eqs 3 and 4 account for the different
dependence of ¢, on temperature of reference and
sample calorimeters and the different measuring fre-
quencies, respectively. The values of the calibration
constants K and 7 are usually evaluated empirically by
separate runs with sapphire.l4

Within the transition range, the pseudo-isothermal
deconvolution of TMDSC data can frequently only yield
qualitative results because of instrument lag and loss
of stationarity due to the overwhelming amount of latent
heat relative to the heat capacity effect and due to slow
sample response during melting, crystallization, an-
nealing, crystal perfection, or recrystallization. To avoid
this problem, TMDSC without an underlying heating
rate, a so-called quasi-isothermal analysis, was devel-
oped.’ In this case, modulation is forced about a constant
temperature, T, and carried out for extended periods
of time. One can then wait for the decay of all irrevers-
ible processes occurring at T until a new, metastable
state is reached. To cover the whole temperature range
of interest, the analysis is then continued at a new,
higher or lower 7). Such quasi-isothermal TMDSC is
described in this paper for a large number of poly-
(oxyethylenes) of different molar mass. The main goal
was to separate C,* into its up to seven reversible,
reversing, and irreversible heat capacity and latent heat
contributions and to divide the thermodynamic C, of eq
2 into the contributions from vibrational and large-
amplitude motion. A study of the same samples with
wide-angle X-ray diffraction was initiated to follow
changes in the crystal unit cell.

Five different types of reversing and reversible latent
heats could be established from TMDSC studies of a
number of macromolecules:* Type 1 is fully reversible
melting and crystallization in the presence of crystal
nuclei. It was seen in paraffins and low-molar-mass
fractions of polyethylene,® poly(oxyethylene),” and poly-
(oxytetramethlene).” It is limited to chain lengths of ~75
atoms in the backbone of the molecule. In addition, it
was suggested that sufficiently short, decoupled seg-
ments of the main or side chain of the macromolecule
may similarly crystallize.*

Type 2 is the reversing melting which involves
distributions of oligomers as they are present in low-
molar-mass polymers and also in copolymers. Such
melting is usually governed by a eutectic phase dia-
gram.! The melting peak is broadened considerably, and
the reversibility of melting is limited due to longer times
needed to establish the changes in concentrations. These
changes in concentration are dictated by the phase
diagram in a multicomponent, multiphase system when
changing the temperature. For poly(oxyethylene), a
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time-dependent change of the reversing melting was
observed in this case. The reversing, apparent heat
capacity increased, as diffusion established a fluctuating
concentration gradient in the two-phase region.8?

As the molar mass of the distribution of oligomers
increases beyond the critical chain length of ~75 chain
atoms,’ one finds a small amount of type 3 reversing
melting for the extended-chain crystals. The type 3
reversing melting decreases with chain length and
crystal perfection, first documented for extended-chain
crystals of polyethylene.l® The fusion is now largely
irreversible. The small amount of apparent reversing
C, concentrates within the melting peak.

Type 4 reversing melting refers mainly to crystals
with a folded-chain macroconformation,!'! and a portion
of it may represent a local melting equilibrium at the
surface of the metastable polymer crystals.!? The re-
versing latent heat decreases with time before reaching
reversibility, a behavior, common in chain-folded crys-
tals, involving slow melting, crystallization, annealing,
crystal perfection, or recrystallization (in addition to fast
decaying instrument lag).

From paraffins to high-molar-mass PE, one always
observes an additional type 5 excess reversible heat
capacity which is linked to the isolated local gauche—
trans equilibrium. These local equilibria exist in the
crystal and glass of PE, starting far below the transition
temperatures. They are better considered as part of the
heat capacity, but in the past, they have often been
discussed as melting phenomena, hence the name type
5 reversible latent heat. For polyethylene, type 5 C,, is
of special importance in the thickening of folded-chain
crystals through sliding diffusion.!® In the present
paper, it will be shown that an even bigger effect is
observed in poly(oxyethylene) (POE). It will be sug-
gested that this effect can be interpreted as the glass
transition of POE crystals.

In this paper, POEs with molar masses from 1500 to
900 000 are analyzed, using standard DSC and TMDSC
data to represent the thermal properties between the
glass and melting transition. This polymer was chosen
because of its easy availability of narrow fractions of
low molar mass and polymers of high molar mass. The
chosen samples should show no type 1 reversible melt-
ing, but some reversing effect of type 2. The extended-
chain samples show some type 3 reversing melting,
while the high-molar-mass samples have some type 4
reversing and reversible melting, analogous to many
prior analyzed flexible macromolecules.* All POE crys-
tals will be shown to have type 5 reversible heat capacity
which will be considered to be due to a glass transition
of the crystals, completed just below the beginning of
the major melting temperature. To these five reversing
and reversible effects contributing to eq 2, one must add
the effects of the irreversible latent heat and the
thermodynamic Cy,(vibrational).

Experimental Section

Materials. The poly(oxyethylene) fractions, named POE4000,
POE10K, and POE20K, were purchased from Polymer Labo-
ratories Ltd., while POE8000 came from Fluka and POE1500
from Polyscience, Inc. The polymers named POE200K and
POE900K were purchased from Aldrich. The characteristics
of all samples are listed in Table 1, together with samples from
the literature which were previously analyzed by TMDSC.”-:14
The thermal properties are available from the ATHAS Data
Bank.!® The calculated chain length within the crystal'® and
the equilibrium melting temperatures are also listed for the
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Table 1. Characteristic Parameters of the Poly(oxyethylene)s®

samples no. of backbone atoms weight-average molar mass® M /M, chain length (nm) equilib T}, (K)
POE1000° 68 1000 6.3
POE1500¢ 102 1500 1.10 9.0 322.3
POE1960° 133 1960 1.03 12.0 326.6
POE3060° 208 3060 1.03 18.8 331.7
POE4000 279 4100 1.02 25.4 334.0
POE5000" 309 4540 1.05 27.3 334.7
POES000 568 8350 1.03 51.2 337.5
POE10K 770 11310 1.04 69.4 338.3
POE20K 1460 21450 1.03 131.8 339.5
POE35K/ 2380 35000 219
POE200K M, ca. 200 000
POE300K® M ca. 300 000
POE900K M ca. 900 000

@ Based on molar mass information supplied by the vendors. ® Molar mass in Da (daltons). ¢ Data for this polymer are available in the
literature.!* ¢ Extensive additional data on the same sample are available in the literature.8® ¢ Data for this polymer are available in
the literature.” / Data for this polymer are available in the literature.?

narrow fractions. The equilibrium melting temperature for a
high-molar-mass POE is taken to be 342 K.15¢

DSC Measurements. Measurements of the apparent heat
capacity were carried out with a Thermal Analyst 2920 system
from TA Instruments, Inc. The calorimeter is of the isoperibol
heat flux, twin type, capable of standard and temperature-
modulated modes of operation. The temperature measurement
and modulation control are by the sample-temperature sensor.
A refrigerated cooling system (RCS) was used, which allowed
cooling to 220 K. Dry Ny gas was purged through the DSC
cell with a flow rate of 25 mL min~!. The temperature was
calibrated in the standard DSC mode, using the onset tem-
perature of the melting transition peak for indium at 429.75
K, and the heat flow rate was precalibrated at a scanning rate
of 10 K min~! with the specific heat of fusion of indium!® of
28.62 J g~'. The melting temperature of indium was also
measured in the quasi-isothermal mode with a 0.5 K temper-
ature amplitude after calibration in the standard mode to
identify any differences between two modes of measurement.
It was found that quasi-isothermal TMDSC experiments after
initial standard DSC calibration led to a melting temperature
of 428.89 K. To correct the temperatures from the quasi-
isothermal measurements, a constant of 0.86 K was added to
the average temperatures of the quasi-isothermal measure-
ments, TY.

In all the experiments, standard aluminum pans of 20 uL
with covers were used for the sample and the empty reference.
Three runs of (1) sapphire vs empty reference pan, (2) empty
pan vs empty reference pan, and (3) sample vs empty reference
pan were carried out for the quantitative measurements. A
somewhat lighter reference pan was used for all measurements
to approximately correct for the asymmetry of the calorim-
eter.’” The standard DSC was performed at 10 K min~! from
273 to 403 K with a 10 min isotherm at the beginning and
end. A fresh POE sample was used in the first heating run,
followed by the cooling, and a second heating run.

The quasi-isothermal TMDSC was carried out using sinu-
soidal modulation about successive base temperatures, T, with
a modulation period of p = 100 s, a modulation amplitude of
A = 0.5 K (unless otherwise stated), and stepwise temperature
changes in Ty of 1-10 K, depending on the changes anticipated
in the sample response. The last 10 min of the 20 min quasi-
isothermal runs were used for data collection to calculate the
reversing C, from eq 4. Both amplitudes Ay and A7, were
calculated as the first harmonics of the Fourier series describ-
ing the heat flow rate and the sample temperature, respec-
tively. A standard DSC trace from 253 to 373 K at 10 K min—!
was run immediately after the completion of a second cooling
run by quasi-isothermal TMDSC to measure the crystallinity
of the sample that was annealed during the quasi-isothermal
TMDSC steps. Unless otherwise stated, the crystallinity, we,
shown in the figures was calculated from eqs 1 and 2, where
AH is derived from the excess heat capacity C,* — C,,
integrated over temperature for the melting peak, so that the
crystallinity is taken as w. = (AH/AHy). The heat of fusion of

100% crystalline POE is 196.6 J g~ at the equilibrium melting
temperature of 342 K.15¢ More precise calculations, considering
the change of the heat of fusion with temperature, are
described in the Results section on crystallinity (eq 5).

WAXD Measurements. The X-ray experiments were per-
formed on a Scintag PAD-X powder diffractometer in reflection
geometry using unfiltered Cu Ka radiation (1 = 0.154 06 nm).
The diffractometer was equipped with a Peltier-cooled solid-
state detector. The polymer samples, with dimensions of ~1
x 8 x 13 mm?, were mounted on a resistively heated Ta strip.
The temperature was controlled with a W/Rh thermocouple
directly tack-welded to the Ta strip heater with an accuracy
of +2 K.

A NIST-certified Si powder was mixed with the POE
samples to serve as internal standard. The Si 111 reflection
at 28.46° served as 20 calibration. Data in the range of 20 =
10—42° were collected as a function of temperature from 303
to 335 K. The diffraction peak positions were identified by
deconvolution using Pearson-VII functions, and the unit cell
parameters were refined from 11 uniquely identifiable reflec-
tions based on the known structure.!® Relative estimates of
the crystallinity were made by deconvoluting the crystalline
diffraction peaks from the amorphous background.

Results

Thermal Analysis by DSC and TMDSC. The
results of all oligomers and polymers of ethylene oxide
listed in Table 1 are given in sequence. Prior literature
data are summarized briefly for the subsequent discus-
sion and to show the breadth of the available database.
The baselines of the thermodynamic heat capacities of
the crystals are derived from the analysis of the
vibrational spectrum of POE as described by the
ATHAS Scheme.?1920 The melting data for POE are
available in the literature and are summarized in Table
2 for crystals of different fold characteristics, close in
molar mass to the discussed samples.21723

POE1000. A limited amount of data for a POE
sample of 1000 molar mass generated by TMDSC is
available in the literature.'* Similar to the earlier work
on POE1500,8 the oligomer, when well crystallized, gave
no indication of a reversing melting peak, although the
thermodynamic heat capacity shows an increase beyond
that of the vibrational heat capacity, as will be discussed
throughout the paper. On fast crystallization at 50 K
min~! remnants of the melting of poor, once-folded
crystals were suggested to be visible in the standard
DSC trace, and reversing effects become visible at 305—
309 K, similar to the results the sample of POE1500.
The prior analysis of the effects of time and modulation
amplitude on TMDSC of POE1500, however, make it
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Table 2. Melting Temperature (T\,) and the Number of
Folds (n) of Low Molecular Mass POE®

T (K)
M, n =00 n=1 n=2 n=3
1500 322.30
2000 325.85 E
3500 333.1 325.4 E
4000 333.55 329.05 E
4500 333.8 328.6 E
6000 336.85 333.45 332.15 E
8000 337.45 335.65 334.15 332.95
10000 338.55 337.15 336.05 334.65
20000 340.1
35000 340.9
200000 341.8
300000 341.9
900000 342.0

@ Data from the literature;?1-2% E: short-lived crystals only,
followed by annealing to more extended-chain crystals. ® The
equilibrium melting temperature, 71,°, for crystals with fully
extended chains. For molar masses of 20 000 and higher, this value
is estimated from a discussion of the enthalpy and heat of fusion,
presented in Figure VIIIL.15 of the ref 15c.

likely that much of this reversing effect is due to the
slow diffusion of the molecules on eutectic crystallization
and melting.? The rearrangement of hypothetical once-
folded intermediates to full chain extension is probably
too fast to be discovered by DSC.

POE1500. Figure 1a shows the standard DSC traces
of POE1500. The fresh sample reveals a melting peak
at 320.1 K and a crystallinity of 85% in the first heating,
while the melt-crystallized sample shows a peak of 320.9
K and a crystallinity of about 80% (second heating of
the same sample). In the heating runs after long time
annealing on cooling by TMDSC, POE1500 shows its
major melting peak at 322.3 K with a shoulder at 317.3
K and a higher crystallinity of 88.7%. In the cooling runs
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_J\/\_SOG 0K cooling w, = 79%
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3209K

heating after cooling
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5
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at 10 K min~! from the melt, POE1500 shows several
overlapping crystallization peaks. According to Table 1,
the equilibrium melting temperature, T1,,°, of POE with
a molar mass of 1500 Da is 322.3 K, and the chain
length of the extended-chain crystal is 9.0 nm.

The quasi-isothermal experiments show a small peak
in the reversing heat capacity on the first heating in
Figure 1b, but no reversing melting peak is seen on the
second heating in Figure 1c. The reversing melting peak
is much narrower than the melting peak of the standard
DSC trace since TMDSC is not broadened by instrument
lag beyond the modulation amplitude. Figure 1d is an
enlarged plot of the reversing heat capacity. The dotted
line is the baseline heat capacity of the liquid amor-
phous sample, while the solid line is the baseline heat
capacity of the vibrational contribution to the heat
capacity of the solid sample, as given in the ATHAS
Data Bank.!® The first heating gives a melting peak at
317.1 K as well as a minor peak between 278 and 288
K. The end of melting on heating occurs at 321.1 K. The
subsequent quasi-isothermal steps on cooling (filled
circles) and second heating (triangles) approach the heat
capacity of the melt without indication of a latent heat
from reversible crystallization and melting transition.
A second cooling run was identical to the first run and
is not depicted in Figure 1d. The onset of the crystal-
lization on cooling is at 315.2 K, indicating a supercool-
ing of 5.9 K for the crystallization of POE1500. These
measurements duplicate the data reported earlier® and
have been studied in more detail at varying modulation
amplitudes and as a function of time.?

POE1960. This sample was part of an earlier study.”
Again, the results are similar to POE1000 and POE1500.
As expected from Table 2, the DSC can probably only
identify the extended chain crystals. For slowly cooled
samples, practically no reversing melting was seen. In
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— st :
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£ 800 at 10 K/imin
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S 600
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o 0 o ©O— G y—O——0O—]|
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240 260 280 300 320 340 360 380
Temperature (K)
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POE1500 Pl  neat
i o eating
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— °o » cooling
S 1201 N
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= 90_-“.“} ................ o PR SRR I
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00. 60- M
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crysiais A=05K, P=60s

0 T T T T T T
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Figure 1. Thermal analysis of POE1500. (a) Standard DSC traces at 10 K min~!. (b) Apparent heat capacities measured by
quasi-isothermal TMDSC, first heating of a fresh sample. (¢c) Apparent heat capacity on second heating of the sample of (b) after
a quasi-isothermal run with decreasing Ty by TMDSC on cooling. (d) Enlarged plots of the TMDSC data on first heating, followed
by subsequent cooling, and completed by second heating.
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Figure 2. Thermal analysis of POE 4000. (a) Standard DSC traces at 10 K min~. (b) Apparent heat capacities measured by
quasi-isothermal TMDSC on stepwise heating and cooling, enlarged plots for data on first heating, followed by subsequent cooling,
and completed by second heating. (¢) Time dependence of the apparent reversing heat capacity of the fresh POE4000 in a long-
time quasi-isothermal analysis at 333.0 K. (d) Comparison of the apparent reversing heat capacity on long-time, quasi-isothermal
analysis at 333.0 K of the fresh POE4000 with the data of the first heating in (b).

the quasi-isothermal TMDSC experiments, the liquid
heat capacity was reached at 324.9 K, the expected
equilibrium melting temperature of Table 2. A super-
cooling of 6.6 K made the melting and crystallization
fully irreversible.

POE3060. This oligomer was analyzed together with
the sample POE1960 and brought a similarly irrevers-
ible melting behavior.” The standard DSC trace shows
both a small melting peak of the once-folded and the
main peak of the extended-chain crystals at 325.9 and
331.8 K, respectively, as expected from Table 2. The
supercooling for crystallization was 13 K. Again there
is only a small reversing peak on TMDSC which
decreases further on better crystallization.

POE4000. It can be seen in Figure 2a that the fresh
POE4000 shows on standard DSC a melting peak at
333.8 K and a crystallinity of 96.3% in the first heating,
corresponding to the extended-chain crystals only (see
Table 2). The melt-crystallized sample shows a major
peak at 331.0 K and a smaller one at 334.5 K and a
crystallinity of about 88.9% (second heating). In the
heating runs with a long-time annealing by TMDSC,
POE4000 retains these two peaks, but the crystallinity
increased to 92.0%. In the cooling runs, POE4000 shows
its major crystallization peak at 310.4 K and a shoulder
at 305.5 K and reaches a crystallinity of 86.1%.

The details of the quasi-isothermal TMDSC are
displayed in Figure 2b. The dotted line is the baseline
heat capacity of the 100% amorphous sample, while the
dashed line is the vibrational heat capacity for 100%
crystalline POE without latent heat contributions, as
given in the ATHAS Data Bank.!® The second cooling
run is identical to the first run and not depicted in
Figure 2b. A small peak appears in both the first and
second trace at 333.0 K, but with a larger contribution
on the first heating. The end of the heating is 334.0 K|

and the onset of the crystallization on cooling is at 320.0
K. The difference of 14 K represents the supercooling.
These results are similar to the POE3060; the reversing
peak height is only little higher for both the first and
second heating: 123 and 102 J K~ mol~! for POE 4000
compared to 101 and 92 J K~ mol~! for POE3060.

A continuing decrease in the apparent heat capacity
was observed near the peak temperature and is shown
in Figure 2¢ with a long-time modulation experiment.
A double-exponential fit of the data indicates an ulti-
mately constant level of reversing heat capacity, as
summarized in Figure 2d. This constant level of the
reversible heat capacity at 333.0 K is still much higher
than the expected value for the remaining 67.4%
crystallinity at this time and temperature and is also
considerably higher than is known for the liquid sample
and found for the second heating in Figure 2b.

POES5000. This molar mass was analyzed first as an
example of an oligomer which reaches full chain exten-
sion.® On standard DSC after slow crystallization, it also
showed the major melting peak at 331.9 K, close to the
T'° of the extended-chain crystal, and a very small peak
at 327.4 K, not far from the once-folded melting tem-
perature. Almost no reversing melting peak was ob-
served on second heating. The supercooling reached
about 20 K. As all the other examples analyzed,
however, the apparent heat capacity still approaches
that of the liquid much faster than expected from the
loss of crystallinity.

POES8000. Figure 3a illustrates that in the standard
DSC traces there are changes in the behavior of
POES8000 relative to the prior samples. The fresh
POES8000 shows a single melting peak at 336.1 K at a
high crystallinity of 99.5%, with a shoulder on the high-
temperature side of the peak. This indicates, based on
Table 2, that the sample has a majority of once-folded
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crystals with only little extended-chain crystals giving
rise to the high-temperature shoulder. After cooling
from the melt at 10 K min~1, the melt-crystallized
sample reveals on second heating a reduced crystallinity
of 90.8%, a major melting peak at 335.9 K, and two
small peaks at about 332.2 and 328.7 K. This suggests
once-folded crystals with small amounts of crystals with
n = 2 and 3. In the heating run after a long time,
stepwise annealing results from the quasi-isothermal
TMDSC on cooling, the POE8000 increases in crystal-
linity to 96.0%, and the double melting peak at 335.7
and 337.2 K suggests that the sample exists of an about
equal number of once-folded and extended-chain crystals
with only a minor fraction of n = 2. In the cooling run
the POE8000 shows a crystallization peak at 314.5 K
and a shoulder at 312 K yielding a crystallinity of 88.8%.

The quasi-isothermal TMDSC experiments, depicted
in an expanded scale in Figure 3b, have a small peak
in reversing heat capacity on first heating and an even
smaller reversing melting peak on the second heating.
The reversing melting peak gets narrower and is located
inside the melting peak of the standard DSC (as is seen
from Figure 3c¢). The data from the first and second
heating experiments have melting peaks at 336.0 K, and
the end of melting occurs at 337.0 K; however, the
reversing heat capacity during the second heating has
also a peak reaching above the baseline. The subsequent
quasi-isothermal steps on cooling approach the heat
capacity of the crystal without any reversible crystal-
lization. The onset of the crystallization on cooling is at
326.1 K, indicating a supercooling of about 11 K for
POES8000.

In Figure 3c the reversing heat capacity of a fresh
POES8000 sample in first heating is compared to the
standard DSC result. Also shown is the decrease of the
reversing C, with time at 334.1 K. The reversing heat

capacity extrapolates by the method illustrated in
Figure 2c¢ to a value at infinite time which is somewhat
higher than that of the melt, but much higher than the
expected one from the remaining crystallinity. In the
second heating, the POE8000 extrapolates at the same
temperature to a reversible apparent C, which is
slightly lower than the value of the melt. Figure 3d
shows the results from the same experiment as Figure
3c, except being run at the peak temperature, 336.0 K.
The apparent reversing of C, now extrapolates to a
small reversible melting at infinite time.

POE10K. The standard DSC trace on first heating
of a fresh sample of POE10K shows a single melting
peak at 337.0 K and a shoulder at about 334 K, as
illustrated in Figure 4a. The crystallinity was 95.4%.
When cooled from the melt at 10 K min 1, crystallization
peaks occur at 317.9 and 315.9 K, and a crystallinity of
89.2% is reached. In the second heating run, POE10K
reveals a melting peak temperature at 337.2 K at a
slightly lower crystallinity of 92.0%, with a weak
shoulder at about 330 K. However, in the heating runs
after long-time annealing by cooling during quasi-
isothermal TMDSC, the POE10K sample gives a higher
melting peak temperature at 339.8 K and a distinct
shoulder at 338.3 K, at a very high crystallinity of
99.9%.

Figure 4b depicts the enlarged plot of the apparent
reversing heat capacity data of the quasi-isothermal
TMDSC. Both the first heating and second heating
experiments reveal a melting peak at 336.3 K, and the
end of melting occurs at 338.3 K, but the reversing heat
capacity on second heating decreases markedly in peak
area above the baseline. The subsequent quasi-isother-
mal steps on cooling remain at the heat capacity of the
melt until the onset of the crystallization at 328.3 K,
indicating a supercooling of about 10 K for POE10K.
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cooling, and completed by second heating.

POE20K. With a molar mass of 20 000 Da, one
expects the POE to approach typical polymer properties.
Figure 5a represents the standard DSC of POE20K. The
fresh sample has a melting peak at 338.7 K and a
crystallinity of 93.1%. On second heating, the melt-
crystallized sample gives a similar melting peak at 338.4
K, at a crystallinity of 86.3%. In the heating run with a
long time annealing by TMDSC, the melting peak shifts
to a higher temperature of 341.5 K and yields a
crystallinity of 98.4%. In the cooling run, the crystal-
lization peak is at 316.5 K with a crystallinity of 83.4%.

Figure 5b shows the enlarged plot of the reversing
heat capacity on quasi-isothermal TMDSC. Both, the
first and second heating reveal melting peaks at 338.2
K, and the end of melting on heating occurs at 339.2 K.
The reversing heat capacity in second heating decreases
in peak area. The subsequent quasi-isothermal steps on
cooling approach shows the onset of crystallization on
cooling at 330.2 K, indicating a supercooling of about 9
K for POE20K. Long-term quasi-isothermal measure-
ments resulted on first heating at 338.2 K in an
apparent reversible C, of 128 J K mol™!, a much
higher value than seen for POE8000 in Figure 3d.

POE35K. The properties of POE35K were analyzed
earlier.® The standard DSC peak occurred at 336.8 K,
at the melting temperature of molecules with four folds
and the quasi-isothermal TMDSC peak at 337.8, both
below the equilibrium melting temperature. The maxi-
mum of the reversing heat capacity is 140 J K=1 mol 1.

POE200K. The last two samples analyzed with molar
masses of 200 000 and 900 000 Da are considered to be
of high and very high molar mass, respectively. Figure
6a shows the standard DSC traces of POE200K. The
fresh sample reveals a melting peak at 341.0 K and a
crystallinity of 94.2% in the first heating, somewhat
below the equilibrium melting temperature of 341.8 K

Macromolecules, Vol. 38, No. 20, 2005

40 POE20K ﬁm-s K
cooling
1 heating 338.7 K we = 93.1%
-20 2" heating N W, = 86.3%

-40 heating after cooling we = 98.4%
using TMDSC to 253 K

3384 K

TA Inst. 2920

We=834%

_60_

Heat-flow Rate,® (mW) @

standard DSC at 10 K/min e 3115K

280 300 320 340 360 380
Temperature (K)

o

2101 POE20k 350K © 1 heating

8.225 mg © A 2"heating
180 o = cooling
TA Inst. 2920

150 Quasi-isothermal TMDSC

A=05K, P =100 s o

1204 opa3382K
.

3302K o
Q0. .t M“ kA A
60-] M

100% crystals

C, [J(Kmol)]

30

0
240 260 280 300 320 340 360 380
Temperature (K)

Figure 5. Thermal analysis of POE20K. (a) Standard DSC
traces at 10 K min~!. (b) Apparent heat capacities measured
by quasi-isothermal TMDSC on stepwise heating and cooling,
enlarged plots for data on first heating, followed by subsequent
cooling, and completed by second heating.

listed in Table 2. The melt-crystallized sample gives a
lower melting peak at 336.7 K, at a crystallinity of only
70.4%. On heating after a long time annealing by quasi-
isothermal TMDSC on cooling, the melting peak also
appears at a lower temperature of 337.2 K, but with a
crystallinity of 84.4%. In the cooling run from the melt,
the crystallization peak occurs at 316.3 K resulting in
a crystallinity of 66.1%.

The quasi-isothermal TMDSC experiments in Figure
6b show on the first heating a much higher apparent
reversing C,, but it is still small compared to the
standard DSC. Figure 6¢ illustrates the decrease in the
apparent reversing C,, with the better crystallized
sample on second heating. The end of melting is below
the equilibrium melting temperature at 340.1 K. Figure
6d represents the expanded plot of the three quasi-
isothermal TMDSC series. Different from the lower
molar mass POE is that on cooling a small reversing
crystallization peak appears at 327.1 K in the quasi-
isothermal steps. The onset of the crystallization on
cooling is at 329.1 K, indicating a supercooling of about
11 K for POE200K.

POE300K. A sample of this molar mass saw a brief
analysis earlier.1* After slow cooling from the melt, the
quasi-isothermal, reversing melting had a maximum of
120 J K~! mol~1, which reduced to 109 J K~1 mol~! on
slow cooling and a melt end of 335 K. These data should
be compared to the ones shown for POE200K.

POE900K. Figure 7a shows the standard DSC results
for POE90OK. The fresh sample reveals a melting peak
at 342.2 K, close to the equilibrium melting temperature
listed in Table 2 and the crystallinity is 90.3%. On the
second heating, the melt-crystallized sample gives a
lower melting peak at 338.4 K with a crystallinity of
only 67.1%. In the heating run after long-time annealing
by TMDSC, the melting peak appears at 340.0 K, with
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a crystallinity of 82.3%. In the cooling run from the melt,
a crystallization peak at 318.9 K with a crystallinity of

62.6% is observed.

The apparent reversing C, of POE90OK from quasi-
isothermal TMDSC in Figure 7b gives a similar result

to those of POE200K and POE300K. The first heating
shows a melting peak at 339.0 K, while the second
heating at 338.0 K, and the end of melting on heating
occurs at 341.0 K. In the subsequent quasi-isothermal
steps on cooling, a reversing crystallization peak ap-
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pears at 329.1 K, and the onset of the crystallization
on cooling is at 331.0 K, indicating a supercooling of
about 10 K for POE90OK. Figures 7c contains a com-
parison of the reversing C, at various times at 339.0 K
for the first heating. Quite clearly, with time the peak
values reduce to somewhat smaller reversible values but
remain considerably above the heat capacity of the melt
of 89 J K- mol~1;i.e., it must have a reversible melting
contribution. Repeating the same experiments at 338
K on second heating reduces the 20 min apparent
reversing C, of about 155 J K~! mol~! to a reversible,
apparent C, of 135 J K~! mol~L. On cooling to succes-
sively lower quasi-isothermal temperatures, a clearly
measurable reversing melting peak arises at 329.1 K,
as is shown in Figure 7d. On long-term experiments it
reduces to values still above the C, of the melt.

Effects of Modulation Amplitude and Frequency.
On selected samples the effect of modulation amplitude
and frequency was measured. Figure 8a illustrates the
effect of the decrease of the modulation amplitude for
the POE8000. Decreasing the amplitude from +0.5 to
+0.2 K has no influence on the heat capacity in the
temperature regions below and above the sharp melting
peak, i.e., below 330 K and above 338 K. In the melting
region, a smaller amplitude produces a larger value of
the apparent reversing heat capacity, a result already
expected from the nonstationarity of the latent heat
contribution. Averaging of the narrow peak over a wider
modulation amplitude lowers the average in the decon-
volution step.

The frequency dependence is illustrated for the same
sample in Figure 8b. At lower frequency (i.e., at longer
modulation period), the apparent reversing heat capac-
ity in the melting range is somewhat higher. Below and
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above the melting range, again, there is no effect, as
one would expect for a reversible, equilibrium heat
capacity. The frequency effect in the melting range has
in the past been linked to the slow kinetics of the
melting and crystallization processes.* Only the heat
capacity based on conformational motion outside the
glass and melting transition and vibrational motion has
a relaxation time of pico- to femtoseconds and is not
affected by frequencies available to the presently used
calorimetry and even the new superfast calorimetry (up
to 106 K s71).24

Effects of Molar Mass on the Reversing Heat
Capacity of POE. The molar mass has a marked
influence on the apparent reversing C, of POE, as is
obvious from a study of Figures 1—7. In Figure 9, a more
quantitative comparison of all data is made after
correction of the measurements to 100% crystallinity by
subtraction of the heat capacity of the amorphous
fraction and increasing the crystalline contribution to
100% by dividing by the mass fraction crystallinity.
Figure 9a displays the results for the better crystals of
the second heating after slow cooling of the quasi-
isothermal runs. Figure 9b shows the results gained
during the cooling runs. Below room temperature all
samples approach the heat capacity expected from the
vibrational heat capacity. The excess of heat capacities
beyond the vibrational contribution moves with increas-
ing molar mass to higher temperature. This change goes
parallel with the increase in the equilibrium melting
temperatures listed in Table 2. This increase continues
up to a molar mass of about 20 000. On fusion, the heat
capacity of the crystal approaches in all cases the heat
capacity of the liquid. The higher molar masses do not
have the same C, vs T profile, as expected from the T,°
of Table 2. Instead of remaining close to the C, for
8000—20 000, a shift to lower temperature is observed
in Figure 9a. This change in direction of the excess in
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apparent reversing C, is coupled with the large revers-
ing melting peak which does not reduce to zero at long
times, i.e., is evidence of a reversible melting peak. Even
on cooling from the melt, below the crystallization
temperature the same increase in C, is seen in Figure
9b due to reversible melting.

The low-temperature behavior has been analyzed in
detail before, using the example of POE1500.° The time-
dependent changes in the apparent reversing C, on the
low-temperature side of the melting peak were linked
at that time to the need of diffusion in the melt on
crystallization and melting to accommodate the changes
in eutectic equilibrium of the different fractions on
changing of the temperature. No further results have
been derived for these time-dependent, small, reversing
endotherms which are seen in Figure 1d. Except for
these diffusion effects, the oligomers, which are known
to form extended-chain crystals or have once- or twice-
folded molecules within the crystals, show practically
no reversing melting on second heating.

Crystallinity. The change of crystallinity with tem-
perature was calculated using the following two phase
model:?5

Cp#(exp) = w,C,(crystal) + (1 — w,)C,(liquid) —
(dw/dTAHLT) (5)

where C,"(exp) is the experimental, apparent molar heat
capacity in the melting range, i.e., the sum of the
thermodynamic heat capacity and latent heat ex-
changed as given in eq 2, C,(crystal) is the vibrational
heat capacity of POE as calculated from its frequency
spectrum,'® C,,(liquid) is the melt heat capacity extrapo-
lated from measurements above the melting temper-
ature, 5P w, is the temperature-dependent crystallinity,
and the temperature-dependent heat of fusion is given
by AH{T) = H(melt) — H(crystal). It should be noted
that C, of the crystal and glass are usually identical
and often used interchangeably in the literature.12:19:20
The crystallinity calculated with eq 5 is usually some-
what higher than the value calculated with a constant
heat of fusion at the melting peak. Typical results for
POEB8000 are shown in Figure 10a. The filled circles in
Figure 10a represent the change of crystallinity with
temperature during the cooling run, while the open
circles are calculated for the seond heating, both for
standard DSC experiments as shown in Figure 3a. On
cooling from the melt, POE8000 crystallizes at ca. 318
K with a quick increase in crystallinity until 306 K, and
then the crystallinity increases very slowly. During the
second heating, the crystallinity decreases slowly until
ca. 327 K, then it decreases markedly in the melting
region, and at about 342 K all crystals are melted. The
melt end, determined by standard DSC, must be cor-
rected for instrument lag with data gained from quasi-
isothermal TMDSC, as illustrated in Figure 3b.

The same calculations were repeated for all standard
DSC traces shown in Figures 1a—7a and are plotted for
the second heating run in Figure 10b. Taking the high-
crstallinity, largely extended-chain POE8000 as a refer-
ence, it is seen that the lower molar mass POE4000 and
POE1500 have increasingly lower and broader melting
regions, as expected from Table 2. The cooling of
POE1500 gives rise to a slower increase in crystallinity
with decreasing temperature, again related to the
broader range of melting temperatures of the fractions
making up this low-molar-mass sample, which yields
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the wider crystallization temperature range.® For
POE10K and POE20K an almost constant behavior is
reached, while for the much higher molar masses of
POE200K and POE900K, deviations occur due to en-
tanglement and chain folding which leads to broader
melting ranges and lower crystallinities. The folded-
chain crystals melt over a broader range and reach the
end-of-melting at lower temperature due to the reduc-
tion in melting temperature by the surface free energy,
describable by the Gibbs—Thomson equation for ir-
reversible, zero-entropy production melting.!

X-ray Data and Volume of the Unit Cell. To get
additional information on the crystals, X-ray data were
collected on the POE90OK. Figure 11a is a plot of the
diffraction pattern, and Figure 11b illustrates the
change of the relative dimensions of the unit cell. No
changes in the crystal structure were observed up to
the complete disappearance of the crystal diffraction.
The POE is monoclinic, as described earlier.26:27

Figure 11b gives the variation of unit-cell parameters
and the volume of the lattice for POE90OK. All the unit-
cell parameters (a, b, ¢, and ) increase with tempera-
ture, resulting in a two-stage expansion of the crystals
volume. A first gradual increase reaches up to 325 K,
and the second more rapid increase reaches into the
melting region.

Discussion

The discussion is divided into three stages: (1) the
standard DSC results, (2) the quasi-isothemal TMDSC
data, and (3) the interpretation of the molecular motion
derived from the thermodynamic C,, which consists of
the thermodynamic C,(vibration) and the contribution
from conformational motion within the crystal. It should



8464 Qiu et al.

T T T T
POES00k at 303 K

120 032h

111 Si

standard

113

Counts Per Second

800 r
|
|

400
\ } 131
24 052

200 *ji}ﬂyj .NUL 212 045

G — |
5 10 15 20 25 30 35 4|0 45

Diffraction Angle 26

b 1025

o 1020 POEQ00K «
8 o1 P

= —x=C/Cy

S 1010  —o—Biby

b5 —*%—VIVy

O 10051

.‘é’

> 1000

995 T T T T T T
300 305 310 315 320 325 330 335
Temperature (K)

Figure 11. X-ray diffraction data for POE900K, taken as a
function of temperature. (a) Diffraction pattern for the mono-
clinic POE taken at 303 K. (b) Changes of the lattice param-
eters and the specific volume of the crystals of POE900OK as a
function of temperature.

be noted also that all throughout the X-ray diffraction
data do not allow for a basic change in crystal structure
from the pattern shown in Figure 11a. The major change
observed is a two-stage increase in unit cell volume,
displayed in Figure 11b.

Results of the Standard DSC Experiments. The
standard DSC results in Figures 1la—7a reconfirm the
earlier connection of melting and crystallization of POE
with the extended-chain and folded-chain crystal as-
signment under the given conditions.1?21723 The quan-
titative changes in crystallinity for the standard DSC
on second heating in Figure 10a,b can be consulted for
information on the peak area. These data are more
precise than the single values listed in Figures 1la—7a,
which were calculated with a constant heat of fusion
used in eq 5, instead of considering the temperature
variation.

The first heating of a sample as delivered by the
supplier refers to a POE of unknown crystallization and
annealing history, hampering a more detailed discus-
sion. Most samples, however, were powdery and thus
most likely crystallized from solution. Commonly, such
conditions yield chain-folded crystals of relatively high
crystallinity,2® which in the case of POE anneal quickly.
At low molar mass these folded-chain crystals lead to
largely extended-chain crystals, as summarized in Table
2 for reference. The empirically found increase of the
melting peak with molar mass, following closely the
temperatures of equilibrium melting (+£1—-2 K), results
from an accidental cancellation of errors. A sharply
melting substance, like indium which is used for the
calibration of the DSC, has its equilibrium melting
temperature at the extrapolated onset of melting, not
the peak. The peak temperature of In is taken as a
measure of the instrument lag.!
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For the crystallization of a low molar mass sample
on cooling from the melt under equilibrium conditions,
one would expect a gradual crystallization, starting at
the liquidus temperature of its phase diagram, com-
pleted by a sharp eutectic crystallization peak. The need
of crystal nucleation, however, lowers the initial crystal-
lization by 10—25 K when cooling at 10 K min~!. For
linear macromolecules, this initial nucleation delay,
which would cause a heating to equilibrium at the
melting temperature for a sufficiently large sample, is,
instead, followed by the further need of molecular
nucleation.?® This molecular nucleation occurs for POE
of molar masses exceeding 1000 Da and is in the range
of 2—7 K for POE1500—3060.7 An immediate annealing
from folded to more or fully extended-chain crystals
further complicate the process at the crystallization
temperature and below.! In light of this discussion, it
is not possible to identify any of the low-temperature
crystallization peaks as eutectic peaks. This is borne out
by the second heating experiment for POE1500 of
Figure 1a, which shows no corresponding eutectic melt-
ing peak. The broadness of the crystallization of POE1500
is, thus, only an indication of its substantially larger
polydispersity. The possibility of delays of crystallization
and melting due to diffusion in the process of approach-
ing equilibrium was discussed before.? Nothing will be
added to this discussion based on the present DSC and
TMDSC results.

After cooling from the melt at 10 K min~!, a repeat-
able sample has been produced. After the stepwise
cooling with 20 min isotherms on quasi-isothermal
analysis at successively lower temperatures, the best
crystallization is achieved and can be used for a
comparison of the samples of different molar mass.
Based on Table 2 the following crystal morphologies are
suggested to result as a function of molar mass: Below
4000 Da, the crystals were mainly of the extended-chain
macroconformation. Both samples of POE4000 and the
high-crystallinity samples of POE8000 consist of almost
equal mixtures of extended and once-folded crystals. The
POE5000 could be crystallized almost fully extended by
isothermal crystallization at 320 K.8 The POE8000 and
POE10K samples, cooled at 10 K min~!, are mainly
once-folded, with the POE8000 showing distinct, small
melting peaks related to crystals with two and three
folds per molecule. Following these lower-molar-mass
samples of intermediate behavior, POE20K to POE900K,
behave like true polymers. The fold lengths vary con-
tinuously with crystallization and annealing tempera-
tures.!! At very high molar mass, the crystallinities
decrease (see Figure 10b) and the melting peaks become
less reliable due to slow melting and superheating
because of interference from entanglements in the
amorphous phase. For the further discussion, thus, one
can distinguish between the analyses of extended-chain
crystals, crystals with a limited number of well-defined
folds, and the common crystals of high molar mass with
a large number of folds and tie molecules. The first two
show only little or no reversible melting, while the last
often displays locally reversible melting.*

Reversing and Reversible Melting of POE. The
changes of the reversing melting with amplitude and
frequency for POE8000, as given in Figure 8a,b, follow
the expected behavior as detailed in the Results section.
The changes with molar mass, in contrast, seem rather
involved and will be deconvoluted on the basis of the
five types of reversing melting, as summarized in the
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Introduction. For a quantitative comparison of the
reversing melting in Figures 1—7, Figure 9a,b should
be consulted if high-molar-mass samples are involved
because of the much lower crystallinity that can arise
in these samples. For Figure 9, the apparent reversing
heat capacities were recalculated on the basis of 100%
crystallinity. The apparent reversing heat capacity is
then to be understood as the sum of the thermodynamic
Cy(vibrational) and the five types of reversing and
reversible latent heat contributions enumerated in the
Introduction.42%30

Type 1, the reversible melting of oligomers below 1000
Da,” enters mainly into the description of the low-
temperature behavior of POE1000 and POE1500 (Fig-
ure 1d). Complication due to irreversible cocrystalliza-
tion does not allow a further discussion of the type 1
reversible melting. Pure oligomers are needed, as are
available for the paraffins, for which this type of
reversible melting and crystallization has been dis-
cussed fully.b

The type 2 reversing melting was described before for
POE1500 in more detail.? The time effects in quasi-
isothermal TMDSC are caused in this case mainly by a
temporal decoupling of the phase change and the mixing
or demixing of the multicomponent system. For macro-
molecules, the importance of temporal decoupling of
processes and positional decoupling of segments has
been discussed recently.3! The driving force for this
partial decoupling in type 2 reversing melting is the
need to alter the concentrations of the different species
to stay in equilibrium on crystallization or melting to
satisfy the changes dictated by the liquidus line of the
phase diagram. On quickly changing to the new tem-
perature of modulation, T, the time is insufficient to
reach the proper concentration of the species melting
or crystallizing, and slow adjustment is noted in the
reversing melting and recrystallization. In long-time
quasi-isothermal experiments the final apparent revers-
ing C, may reach a steady state of fluctuating concen-
trations in front of the growing and melting crystals.
The typical signature of type 2 reversing melting is its
occurrence on the low-temperature side of the melting
peak and the increase in amplitude of heat flow rate on
long-time quasi-isothermal TMDSC.? In the present
research, this was observed, as before,® for the first
melting in Figure 1b,d. On cooling and second melting,
the better crystals show practically no reversing melting
after the evaluation of the data after 10 min (see also
Figure 9a,b). The comparison of standard DSC and
TMDSC in Figure 1d reveals a practically fully irrevers-
ible melting on the second heating of POE1500.

The type 3 reversing melting is observed in extended-
chain crystals of sufficient size to avoid type 1 and 2
reversing melting. It is a small effect and practically
disappears on the better crystallization on cooling and
on second heating. This has led to the close to fully
irreversible melting and crystallization of POE1960 and
POE3060,” POE4000 (Figure 2b), and POE5000.8

As revealed by the standard DSC data, POE8000 on
first heating consisted initially of once-folded crystals,
which on quasi-isothermal TMDSC would anneal at
least partially to extended-chain crystals. Similarly, the
mixture of once-folded and extended-chain crystals
resulting on slow cooling during quasi-isothermal
TMDSC would probably anneal on second heating to a
larger fraction of extended-chain crystals. The remain-
ing reversible apparent C, shown in Figure 3d is thus
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probably also of type 3. The long-time quasi-isothermal
TMDSC at 334.1 K on first heating (Figure 3c¢) and on
second heating (not shown) should both refer to once-
folded POE8000. Both experiments suggested a revers-
ible C,, close to that of the liquid. The interesting point
of discussion is that these once-folded crystals in
POES8000 seem to exhibit no or only little reversible
melting, in contrast to the folded chain crystals of high
molar mass.

The TMDSC of POE10K and POE20K samples il-
lustrated in Figures 4b and 5b show no reversing
melting at the extended-chain melting temperature of
Table 2; the standard DSC melting peaks after the
TMDSC cooling runs with peak temperatures at the
equilibrium, thus, are most likely due to superheating
because of slow melting and instrument lag. Figures 4a
and 5a are suggesting that the end of melting occurs
for the once- or twice-folded crystals. On first heating
of POE20K, the reversing peak is much larger than for
POESB000, suggesting that now the folded-chain crystals
show type 4 reversing melting. The long-term experi-
ments did not reduce the amplitude below that seen on
second heating in Figure 5b, i.e., suggest some locally
reversible melting.

The reversing melting of POE200K to POE900K,
illustrated in Figures 6 and 7, is now clearly of type 4.
The reversing melting contribution to the apparent C,
is larger than for type 3, as can be seen best from the
comparison in Figure 9a. This revering melting does not
decrease significantly at longer times and yields sub-
stantial reversible melting (see Figure 7c). Even the
crystals growing on cooling show now a sizable reversing
and reversible melting, as is best seen in Figures 6d,
7d, and 9b.

Type 5 reversible contributions to the apparent
reversing heat capacity should make up the final excess
heat capacity. Checking the apparent reversible C, of
quasi-isothermal TMDSC for the samples with no or
only little reversing melting in Figure 9a,b, one notices
there is always such excess heat capacity which is fully
reversible. The beginning of the increase in excess C,
is seen at about 250 K, some 70—90 K below the melting
temperatures. This contribution to C, is dependent on
molar mass, but in every case it stops increasing close
to the level of the liquid POE, just at the melting
temperature, i.e., 20 K lower for the POE1500 than for
the POE900K. This increase in C, behaves like the glass
transitions in liquid crystals and condis crystals which
cannot form fully ordered crystals on cooling. Figures
12 and 13 give two typical examples of condis crystal
glass transitions: one a low-molar-mass material®? and
one a semicrystalline condis crystal.3? In both cases the



8466 Qiu et al.

MBPE-9

" Measured by standard DSC
heated at 10 K/min after
cooling at 10 K/min

ot

- -

o
[+2]
o
3@
282
=)
@
o3
=5
D3
D =
® 9
=]
=3
=
@©
.
\
\
'
"
'
\
\
)
3 "
\
. \
\

- -
- P
: -~ solid

Class transition of the _—"'(mass or crystal)

Heat Capacity [kJ/(K mol)]

0.4} amorphous phase
CH.
0@0»312— CH,<)-0- (CH, )
0.2 . . . . .
150 200 250 300 350 400 450

Temperature (K)

Figure 13. Heat capacity and condis glass transition of the
macromolecule poly[oxy(3-methyl-1,4-phenylene)ethylene-1,4-
phenyleneoxynonamethylene], MBPE-9.33

Macromolecules, Vol. 38, No. 20, 2005

(2]
o

Gel-spun High-molar-mass

4146 K

5 i TMDSC

g o 2M heating we =13.2% Ooog
¥ 450l —* POE200k S

S —O-POE900k <§O

_ . *
— - The solid line represents the 7 Y

= 140 average for Cp of POEGOOD, 60 **

e POE10k, and POE20k. It is & *

O 120 used as baseline to calculate OO *

'cg wi, of POE200k and POES00k

o 100 100% amorphous

.S .............

£ 80

o

- | e Bennlad | Y ]
= GO-I‘j L

O

300 310 320 330 340 350
Temperature (K)

Figure 14. Separation of type 4 apparent reversing and type
5 reversible heat capacities for the samples of POE200K and
POE900K on second heating.

glass transition covers a broad temperature region. We
assume, thus, a similar glass transition in the crystal-
line POE and try to justify this assignment in the next
section. On this basis, one can separate the type 4 and
type 5 contribution on the basis of the data in Figure 9,
as is given by the shaded area in Figure 14.

Motion within Crystals of POE. The WAXD re-
sults in Figure 11 prove that the POE crystals are
monoclinic until melting. The crystal structure of the
POE consists of an assembly of 3%7/2 helices which are
described approximately by sequences of trans—trans—
gauche conformations.!! On melting, the packing frac-
tion, which is a measure of the occupied volume,
decreases by 10% for POE, compared to 14% in poly-
ethylene, but both the melt and the crystal of POE have
higher packing fractions (0.65 and 0.72, respectively)
than polyethylene (0.60 and 0.70).15¢ The volume of the
crystals given in Figure 11b expands with temperature
in two stages. Up to about 323 K, the initial expansion
starting at low temperature changes into the larger
expansion at high temperature. Extrapolating the minor
extension to 335 K, one reaches 0.5%, which is close to
the crystallinity effect of 4.7% caused by the excess in
heat capacity, shown in Figure 14. The sharp expansion
beyond 323 K must then be connected with the revers-
ible melting of POE900OK and is in urgent need of
further research.

The positive deviation from the baseline of the
thermodynamic Cy(vibration) given by the ATHAS Data
Bank!® and initially described as type 5 contribution to
the reversible heat capacity is most likely connected to
conformational motion within the crystals and their
accompanying potential energy change. For polyethyl-
ene, a similar effect as seen in Figure 14 has been
observed, also based on heat capacity analysis. It has
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Figure 15. Separation as in Figure 14, but for gel-spun,
ultrahigh-molar-mass polyethylene.3

served recently to analyze the motion in high-molar-
mass, gel-spun polyethylene.?* Figure 15 illustrates the
analysis for two types of these high-strength fibers of
different crystallinity. The shaded area corresponds to
the conformational contribution which is mainly linked
to a local unfreezing of the trans—gauche equilibrium.
The gauche conformations within the orthorhombic
crystal of polyethylene and paraffins were proven by IR
spectroscopy and molecular dynamics simulation.!? The
same motion is expected to be involved in the glass
transition region of the condis crystals of Figures 12 and
13. The nylons with longer sequences of CHsy groups also
show a large, probably reversible, excess heat capacity
between the glass transition of the amorphous phase
and the melting temperature.? In this case quasi-elastic
neutron scattering could prove liquidlike motion for the
CHy groups in nylon-6.6 below the melting tempera-
ture.3> The thermodynamic C, of crystals of POE
consists, thus, of the thermodynamic C,(vibration) and
conformational contributions. The latter freeze in a glass
transition between 250 K and the melting temperature.

Conclusions

This extensive study of the thermal properties of POE
of different molar masses by DSC, TMDSC, was begun
10 years ago.” 9 It has clarified the different reversible
and reversing contributions to the apparent heat capac-
ity based on the definition of the change in enthalpy of
eq 2. Type 1, the reversible melting of small molecules
in the presence of crystal nuclei, was analyzed earlier
and led to an upper limit of this behavior for small
molecules of ca. 75 chain atoms.”

Type 2 reversing melting involves a decoupling of the
melting and adjustment of concentration for multicom-
ponent oligomers. It was studied earlier in detail on the
example of POE1500.° In this research these observa-
tions were confirmed, but no additional data beyond
those of Figures 1 were presented.

Type 3 reversing and reversible latent heat contribu-
tions to the apparent heat capacity during melting and
crystallization occur mainly in poorly crystallized, ex-
tended-chain polymers as shown in Figures 1—3. Such
crystals were first analyzed for extended-chain polyeth-
ylene.1% In this research, it was also noted for POE
molecules that were only folded once or twice. This type
of reversing contribution can be avoided by better
crystallization and leads then to fully irreversible melt-
ing as seen, for example, in Figure 1c.

Type 4 reversing and reversible latent heat contribu-
tions to the apparent heat capacity during melting and
crystallization occur mainly in folded-chain polymers of
higher molar mass, as seen in Figures 6 and 7, with
the transition from lower mass visible in Figures 4 and
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5. A full separation from the contribution type 5 is
illustrated by Figure 14. This behavior is common to
all semicrystalline macromolecules analyzed to date.*
It has led to the representation of semicrystalline
polymers as a global, metastable, nanophase-separated
system with locally reversible subsystems.36 A quantita-
tive treatment of the type 4 effect was proposed earlier
for polyethylene.?7

The main reversible contribution to C, is the vibra-
tional heat capacity, as was established over the years
through ATHAS.15 To this, the large conformational
distribution must now be added as shown as shaded
area in Figure 14 (formerly called type 5 reversible
contribution to the apparent heat capacity). The excita-
tion of this motion has the behavior of a glass transition
within the crystals. Such observation supports the
operational definition?8 of a solid as a substance below
its glass transition, a definition used over the years by
us to teach the subject of thermal analysis of materials.!
Ordering (with a decrease in entropy) also can lead to
a solid state if it causes the freezing of the large-
amplitude motion, i.e., a simultaneous glass transition.
For rigid, small molecules this is often the case on
crystallization. As documented for POE, and discussed
above for other examples, the ordering and vitrification
may be decoupled, giving rise to new properties to the
ordered phase between the ordering and glass transition
temperature.

These insights into the thermal properties of flexible
macromolecules open many new fields of inquiry con-
cerning the connection of molecular motion to the
mechanical properties. The main tools must be, besides
DSC and TMDSC, structure analysis, motion analysis,
and attempts to model the crystals by molecular dy-
namics calculations, as has been demonstrated in the
past.
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