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Abstract

The paraffin hexacontaneg§H122, and oligomeric fractions of poly(oxyethylene), POE, and poly(oxytetramethylene),
POTM, of varying low molar masses were studied with temperature-modulated calorimetry. The analyses were by standard
differential scanning calorimetry (DSC) and quasi-isothermal, temperature-modulated DSC, TMDSC. Small sample masses
were examined with temperature amplitudes from 0.05 to 2.5 K, using periods of 60 s. The supercooling decreases with molar
mass for all three types of samples. The melting varied between fully irreversible, reversing, and largely reversible. There are
no major differences in supercooling between extended- and folded-chain crystals. Due to conformational contributions, all
crystals increase their heat capacities within the melting range from the level set by the vibrational spectrum to that of the
liquid.
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1. Introduction necessary in most cases since a free-enthalpy barrier
hinders the formation of small crystals. This super-
It is well known that crystallization usually does cooling due to primary nucleation can be avoided
not occur at the equilibrium melting temperature, by self-nucleation (nucleation by remaining or added
but needs a certain amount of supercooling. To ini- crystals of the same type) or heterogeneous nucle-
tiate crystallization, at least primary nucleation is ation (nucleation by addition of foreign particles).
For polymer molecules, however, primary nucleation
_— is insufficient to overcome all free-enthalpy barriers,
" Presented in part at the 29th NATAS Conference in St. Louis, there is always a supercooling needed to crystallize,
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faces of extended chain segments of 5-50 nm lengthsethylene) (POE) and three of its oligomgi®9-12].

for continued crystallization, and surfaces across the Finally, one data-point was reported for an oligomer
chain direction which are inactive for further crys- of poly(oxytetramethylene) (POTM) taken as ref-
tallization. A lamellar morphology is the common erence material in a study of nanophase-separated
result of such crystallization. The need to stretch the poly(oligoamide-alt-oligoetherq)L3,14]. The present
molecular chain at the start of crystallization for every research involved additional oligomers of POE and
molecule decreases its entropy and, thus, creates a fred>OTM, as well as hexacontanegdEl122. The tools to
enthalpy barrier, hindering crystal growth even after identify the reversibility are standard differential scan-
the primary nucleation step of the crystal. As a result, ning calorimetry (DSC) and temperature-modulated
a polymer melt or solution supercools in the presence DSC (TMDSC) in its quasi-isothermal mode. Both
of primary nuclei, even if rough surfaces obviate the seeded and unseeded samples were analyzed, and
need for secondary nucleati¢?]. To distinguish the a separation of supercooling due to primary crystal
observed supercooling of polymer molecules in the nucleation and molecular nucleation is attempted.
presence of primary nuclei, this barrier to crystalliza-

tion was given the name ‘molecular nucleatid¢h,2].

To study the details of molecular nucleationpara- 2. Experimental
ffins were chosen as simple models for polyethylene.
Unexpectedly, these-paraffins showed no supercool- Apparent heat capacity measurements were carried

ing on crystallization from the me[B]. In a detailed out with a Thermal Analyst 2920 MDSC from TA
recent study of the heterogeneous and homogeneoudnstruments Inc., which is an isoperibol heat-flux
nucleation of n-alkanes by Sirota and co-workers twin calorimeter with modulation control at the
[4,5] and Sirota[6], similar results were reported sample-temperature sensor. Dry §as was purged
for n-paraffins with 21< n < 37 carbon atoms. On  through the differential scanning calorimeter with
substrates, such as microscope slides, melting pointa flow rate of 20 miminl. A refrigerated cooling
capillaries, and aluminum pans as used for differential system (RCS; cooling capacity to 220K) was used.
scanning calorimetry (DSC), no additional heteroge- The temperature of the equipment was initially cal-
neous nuclei are needed for crystallization, although ibrated in the standard DSC mode, using the onset
typical dispersions of small droplets in inert liquids temperatures of the melting transition peaks at a
allows the study of supercooling caused by homoge- scanning rate of 10 Kmint for water (273.15K),
neous nucleation. It is of the order of magnitude of indium (429.75K), and tin (505.08 K). The heat-flow
15K for typical paraffins and 50K for polyethylene rate was calibrated with the heat of fusion of indium
(PE), and 70-140 K for most other polymers analyzed (28.45Jg1) and, if needed, improved with baseline
[2]. and sapphire calibration runs. As references, the melt-
Questions which arise from these surprising obser- ing of indium and hexacontane ¢gH122) were also
vations are: what is the crystallization behavior of the measured in the quasi-isothermal mode of TMDSC
oligomers with increasing chain lengths or what is the with a 0.05 K modulation amplitude.
crystallization behavior of polymers with decreasing In the standard DSC mode, the onset melting tem-
chain lengths other then paraffins and PE? What is the perature of indium, a secondary temperature standard,
limit of chain length where a polymer behaves like a was set to its value of 429.75K at 10 K mih It was
small molecule on crystallization, or how long must found then, that a quasi-isothermal TMDSC experi-
a molecule be before a noticeable nucleation barrier ment led to a melting temperature of 429.31 K. To cor-
exists for crystallization? rect the sample temperatures of the quasi-isothermal
Paraffins up to pentacontane s@Ei102) and measurements, we added the difference of 0.40K as
oligomer fractions of PE were analyzed earlier in a a calibration constant to the average temperatures of
first step of this project7—9]. These results provide a the quasi-isothermal measurement3atThe change
base for the discussion of the new samples. Some dateof the onset temperature of melting with the rate of
were available from earlier studies of the occurrence heating is approximately 0.03K per K mih, which
of a small amount of reversible melting of poly(oxy- can account for most of this temperature difference.
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The standard DSC traces were run with heating and Table 1
cooling rates of 10 K minl. Both pure and mixed Number of backbone atoms, molar masses, and chain lengths of
samples were analyzed to get information on the the discussed paraffin, polyethylene fractions, oligo(oxyethylene)s,
total heat-flow rate and the influence of crystal seeds paly(axyethylene)s, and oligo(oxytetramethylene)s

on crystal growth. Most quasi-isothermal TMDSC Samples bNUIZ‘)ber of Molar 5 Chain length

was done with a sinusoidal modulation period of ackbone atoms mass (Da) (nm)
60s, a modulation-amplitude of 0.5K, and step-wise CeoHléo 60 844 7.46
temperature-increments of the base temperaflye, PEiis A gg 1?2% 1%'?19
of 2-5K, depending on the chang_es expected iN pE2156 153 2150 19.2
the sample response. The last 10 min of the 20 min pog1006 68 1,000 6.26
quasi-isothermal runs were used for data collection POE1506 102 1,500 9.39
to calculate the apparent, reversing heat capatjty =~ POE1960 133 1,960 12.2
as follows[15]: POE3060 208 3,060 19.2
| POE5000 310 4,560 285

POE35008 2,380 35,000 219

Ap POE300000 20,430 300,000 1880
Cp= K 1) POTM650 45 650 5.44
Ts® POTM1000 69 1,000 8.37
POTM2006 139 2,000 16.7
POTM2900 201 2,900 24.3

whereAy is the amplitude of the heat-flow rate asAg,
is the amplitude of the temperature modulation. Both ~ *In the orthorhombic structures forsgH12, and PE, the mon-
amplitudes are calculated as the first harmonics of the °¢linic POE structures, witle = 1.93nm (37/2 helix), and the
Fourier series describing the heat-flow rate and the mo_n|c||n|c POTM structures witle = 1.207 nm for POTM, (52/1
. A helix) [2].

sample temperature. The frequency in ratlis given bResearch reported if9).
by w, andK’ represents the calibration constant atthe  ©Research reported if12].
given conditions of measurement. The crystallinity of dResearch reported i10,11].
the samples was determined from the heat of fusion ~ Research reported ii3,14].
measured by standard DSC on heating at 10 Kthin
prior to and after the quasi-isothermal measurements.

The new low molar mass poly(oxyethylene) frac-
tions (POE1960 and POE3060) were purchased from . :
Fluka. Their weight average molar masses are 1960 . The various, newly measured samples are desc_rlbed
and 3060 Da, and their polydispersity is 1.03. The in order of _molar mass a’_’d compared to the previous
oligo(oxytetramethylene)s with number average molar data. The literature consists of data for paraffins and

masses of 650, 1000, 2000, and 2900 Da (POTMe50, Poethylene[7-9], POE1000[12], POE1500[10],
POTM1000, POTM2000, and POTM2900), and 98%  OE5000 and POE350001], POE30000Q12], and

pure hexacontane (GHiz;) were purchased from a sm.gle sample of POTM20(ICL3,14].. An final ghs— '
Aldrich. All samples discussed in this paper are cussion of the results and conclusions are given in

compared inTable 1. Samples of 1.5-2.5mg were Section 4.

weighed on a Cahn C-33 electro-balance to an ac-

curacy of £0.001 mg and encapsulated in standard 3.1. Paraffins and polyethylene fractions

aluminum pans (~23 mg, including a cover). A some-

what lighter reference pan ef22 mg was used for all Hexacontane is a new paraffin analyzed in this
measurements to correct easily for the asymmetry of research. It serves as a reference of oligomer crystals
the calorimeter by adding the reversing heat capacity in equilibrium, and extends the analyzed paraffins
from Eq. (1)for a run with an empty sample pan and which melt reversibly from ggH102 to CgoH122. The

the lighter reference pan to the results from the sam- discussion also summarizes the earlier work published
ple and reference runs (sapphire), as was described inon the reversing melting of paraffins, PE, and low
detail in an earlier publicatiofiL6]. molar mass fractions of PBB—9]. Note that the term

3. Results and preliminary discussion
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Fig. 1. Apparent specific heat capacities measured by standard
temperature modulation of 0.05K.

“reversing” is used when describing data derived from
Eq. (1)which may still contain time-dependent, irre-
versible effects as well as analysis flaws due to lack
of steady state and stationarity. The term “reversible”
is reserved to its thermodynamic meaning. One must
remember, however, that slow processes may lose
their reversibility when the applied analysis rate out-

DSC and quasi-isothermal TMDSC with hexacontane, using a small

The results inFig. 1 are similar to those by the
earlier studies on paraffins which included data up to
CsoH102 [4-9]. The melting temperature and width
of the peak depends on the purity of the sample and
the quality of the crystals. The narrowest peaks of
our samples were found for,gHs4 and GoH1o2. For
these, 0.1K covered more than 60% of the overall

runs the response of the sample and the temperature ianelting[8]. The melting of the paraffins up toggH122
changed before the process to be studied has reacheds, thus, largely reversible, and for purer and better

equilibrium.

3.1.1. Hexacontane

Fig. 1 shows a standard DSC trace on heating for
CsoH122 and a set of quasi-isothermal TMDSC runs
on first heating of the sample as delivered, followed
by step-wise cooling after reaching the melt. The main
melting peaks by DSC and TMDSC follow the same
contour up to about 60% of the peak height. Beyond
this point, the standard DSC shows an increasing in-
strumentlagl17]. Similarly, the TMDSC with its small
modulation amplitude cannot complete the melting
and crystallization required for reaching full equilib-
rium within each cycle, as was shown in detail earlier
[7,8]. The TMDSC peak-width of reversible melting
is about 1.0K. The peak narrows on cooling, an in-
dication of better crystallization on the slower cool-
ing with modulation. The shallow premelting peak at
about 361 K is much smaller in TMDSC, evidence of
the presence of some irreversibly melting material.

crystals, it may be fully reversible.

The paraffins were earlier linked to the oligomers
PE560 and PE1150, fractions of polyethylene of
narrow molar mass distributiorf9]. The PE560
with an average of 40 backbone atoms has a melt-
ing peak that covers more than 30K and indicates
a multi-component, eutectic phase diagram. The
guasi-isothermal TMDSC endotherm reached about
half the standard DSC peak height (6.0 JK) an
indication of at least partially reversible melting. Fur-
thermore, the TMDSC indicated also no supercooling
on crystallization. The PE1150 with an average of
82 backbone atoms still has a broad melting peak,
although the main peak is narrower and higher than
that of PE560. The apparent reversing specific heat
capacity reached to only about 10% of the standard
DSC peak height (2.5-6.0 JK'g, depending on crys-
tallization history) and shows a supercooling of 4.1 K.
These data suggest that for paraffins and oligomers of
polyethylene the critical chain-length for reversible
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crystallization under the given crystallization con-
ditions is about 75 backbone-chain atoms which is
equivalent to a crystal thickness of about 10 nm.

The POE100012] shows also a very broad melting

47
POE fractions a§18—20]
1890
To = 3408 — —— 2)
X

peak, but a much smaller reversing melting peak than wWhere x represents the number of backbone chain

PE1150 which, in addition, exists only for poorly crys-
tallized samples, so that practically all melting is irre-

atoms.

versible. The crystallization temperature can be gained 3.2.1. POE1960

from the limited data to be between 305 and 308 K.
The attainment of the heat capacity of the liquid after
melting is not clearly seen, but is close to the equilib-
rium melting temperature of 313.0K, calculated from
Eq. (2), later. The POE1500, first analyzedit], and
studied in detail if10], also shows a small reversing
melting peak for fast crystallized samples, and none
for slowly crystallized samples. The supercooling can
be read from the quasi-isothermal TMDSC plots and
Lissajous figures to be a maximum of 8.0K and a
minimum 2.0 K, respectively. On slow crystallization,

Fig. 2 represents the standard DSC, and quasi-iso-
thermal TMDSC results for the heating of POE1960.
The peak temperature by standard DSC is 326.6 K,
close to the equilibrium melting temperature calcu-
lated fromEq. (2). The crystallinity from the standard
DSC run is 62%. The apparent reversing heat capacity
shows only a very small contribution to melting.

Fig. 3 displays an enlarged plot of the apparent,
reversing heat capacity of POE1960. The dotted line
is the baseline heat capacity of the liquid amorphous
sample, as given in thATHASData Bank[21,22].

all samples discussed in this Section are expected to The solid line is computed from the Data Bank values

reach the extended chain macroconformation.
3.2. Poly(oxyethylenes) and its oligomers

The crystal structure, melting and crystallization
kinetics of the polyoxyethylenes are well known. In

for the crystalline and amorphous states of POE in a
62% crystalline sample. The end of melting on heat-
ing occurs at 324.9K, and the beginning of crystal-
lization on cooling is seen at 319.6 K. The difference
of about 5.3K represents the experimental super-
cooling of POE1960. From the equilibrium melting

the crystal, the backbone chain assumes a helix of temperature of 326.2K oEg. (2), the supercooling

type 37/2[2]. The equilibrium melting temperatures

is 6.6 K. On cooling, the POE1960 does not develop

have been derived from extensive experiments on a reversing melting peak. Its apparent, reversing heat

POE1960 2.5489mg S
40]  TAInst. 2820 326.64 K
~— Standard DSC
o 304 at 10 Kimin
e
=
~ 204
O
104 Quasi-iscthermal TMDSC 393 78 K
A=05K p=60s '
1Y
7
0 e e e Qe O Qe e e o O O— O— QIR T
240 260 280 300 320 340
Temperature /K

Fig. 2. Apparent specific heat capacities measured by standard DSC and quasi-isothermal TMDSC for POE1960, using a modulation of

0.5K.
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Fig. 3. Enlarged plots of the apparent, reversing specific heat capacities of POE1960 on stepwise heating and cooling, measured by

quasi-isothermal TMDSC. The first heating run is identical to the one depictédyir?.

capacity matches the crystals at a level close to that are seen on the second heating (after slow crystalliza-
of the melt. The second heating runs exhibit that the tion) are a measure of reversible melting of lower mass
end of melting is at same temperature as the first heat- species, while the additional reversing melting on first
ing run, and the small maximum is lower than on first heating, seen in both PE and POE samples, is caused
heating. A second cooling run for POE1960 is identi- by nonequilibrium crystallization, as was suggested in
cal to the first and not depicted Fig. 3. the extensive analysis of POE15[®].

Below room temperature, the apparent, reversing
plot of C, on cooling and heating is the same within 3.2.2. POE3060
experimental error. (The error is somewhat higher Fig. 4 displays the apparent specific heat capacity
in the low-temperature region because of cooling for POE3060 in the same fashion as the POE1960
problems during this particular measurement.) The data are given irFig. 2. Two endothermic peaks are
glass transition is located at 206 K and not shown in the standard DSC trace, a small one at 325.9K
in Fig. 3. Since major melting starts only at 320K and the major melting peak at 331.8 K. The first peak
(seeFig. 2), the excess heat capacity between 240 does not show in the reversing data and agrees with
and 320K is likely to be caused only by conforma- the melting of once-folded chainfd0]. On cooling
tional contributions, as could be proven to be the case at 10 K mirr1, the low-temperature peak disappears
for polyethylene[23]. A crystalline a-transitions in almost completely in the standard DSC tr&8k The
dynamic mechanical measurements, was seen for PE major melting peak is located at the equilibrium melt-
POE, and POTM, is usually assigned to conforma- ing temperature, given bq. (2). Overall, the major
tional motion in the crystdll2], and all three show a  melting peak is somewhat sharper and narrower than
similar excess heat capacities in their crystals. the melting peak of POE1960, as one would expect

The polyethylene fraction PE2150 has similar aver- for a fraction of higher mass, since the components
age molar mass and was analyzed in the same fashiorshould have less of a lowering of the melting tem-
as the POE samples in this reseajf@h The PE2150 perature for a similar polydispersity. The apparent,
has a considerably higher reversing peak height thanreversingC,, has only a barely visible peak at 328.9 K.
POE1960 irFig. 3(1.8 and 1.0 JK1 g1 for the first Fig. 5shows the enlarged and augmented TMDSC
and second heatings, respectively), but less than for thetraces. As irFig. 3, there is little excess, beyond the
oligomer PE1150, mentioned previously. We specu- expected contribution from the conformational heat
late that the lower limits of these melting peaks which capacity. The reversing peaks are small and decrease
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Fig. 4. Apparent specific heat capacities measured by standard DSC and quasi-isothermal TMDSC for POE3060, using a modulation of
0.5K.

further on better crystallization. The onset of crystal- close to the equilibrium oEq. (2). The crystallization
lization on cooling is at 318.7 K, a supercooling of on quasi-isothermal TMDSC on cooling occurred
about 13K from the melting of the extended chain at 313.7, a supercooling of 20K, which would be
crystals, and about 7 K from the once-folded crystal. reduced considerably by assuming the first growing
It is more likely that once-folded or non-integral crys- crystals consist of less perfect crystals. The melt-end
tals grow first and anneal subsequently before melting by quasi-isothermal TMDSC for POE350Q01] and

to the extended-chain macroconformati@h POE30000Q12] were seen at about 338K, about 3K
The POES5000 which has an only 60% larger molar below their equilibrium melting temperature, a lower-
mass than POE3060 was analyzed earliel]. Its ing caused mainly by chain folding. The crystalliza-

end of melting by TMDSC was found at 333.7, still tion by quasi-isothermal TMDSC on cooling was seen

25] st heating POE3080
¢ cooling
A 2N heating o
" R
20 10&1 %ameorphous .-‘_?w.

1.1
CHUK )
o

* i
» :
s :
T :
Obe .
@
%

64 % crystallinity

1.0 r r r T T
240 260 280 300 320 340

Temperature / K

Fig. 5. Enlarged plots of the apparent, reversing specific heat capacities of POE3060 on stepwise heating and cooling, measured by
quasi-isothermal TMDSC. The first heating run is identical to the one depictédyird.
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at about 323K, a supercooling of about 15K. Both melting peaks on heating (I and II), but also only one
these polymers have sizeable reversing peaks on heaton cooling. The width of the melting transitions is nar-
ing (0.4-0.6JK1g~1, depending on the quality of rower than seen for POTM650. Finally the POTM2000
the crystalg[12], compare toFigs. 1, 3, and 5). On  and POTM2900 melt more sharply and crystallize
cooling, the heating curve is almost reached, but be- with melting peaks similar in width to the samples of
cause of the large supercooling, much of the peak is lower molar mass. The reasons behind the changing
avoided, still, the reversing heat capacity is larger than broadening of the melting range and appearance of
that of the melt. Polyethylenes of higher molar mass multiple melting peaks are typical for eutectic phase
have also been analyzg2l. In this case, the reversing  diagrams for solutions of lower mass, and also anneal-
melting peak on heating is much larger (broader and ing to longer fold-lengths after initial crystallization.
also somewhat higher0.7 JK1g1) and remains Only a preliminary degree of supercooling can be es-
sizeable on cooling (0.3J# g~1). The supercooling  timated from these standard DSC traces by taking the

is less, only about 5.5K. differences of onset temperatures. In case the initially
grown crystals on cooling correspond to the lower
3.3. Oligo(oxytetramethylene) melting peaks seen on heating, POTM650 would

show no, and POTM1000 about 11 K of supercooling.

Poly(oxytetramethylene) is the first member of the The two oligomers of higher mass, POTM2000 and
homologous series of polyoxides that does not have POTM2900, have 15-20 K supercooling. Refinements
a helical chain structure. The packing in the chains in from the quasi-isothermal experiments and seeded
the crystals is related to the monoclinic structure of PE crystallization are described next.
with maximum interaction of the oxygen dipolgX.
Fig. 6 illustrates standard DSC heating traces of the 3.3.1. POTM650
as-received samples followed by the cooling traces of It is difficult from Fig. 6 to say precisely where
all POTM samples analyzed. The POTM650 has an POTM560 starts to crystallize on cooling and what is
average of 45 backbone atoms. It possesses a broadhe corresponding melting peak. For this reason, the
melting range with three shallow peaks of increasing standard DSC experiment was repeated with more
heights, marked 1, Il, and lll, but only one reasonably details, as shown ifrig. 7. The analysis was started
sharp crystallization peak. The POTM1000 has two with cooling from the melt (DSC trace 1), followed by

POTM1000
o POTM2900
A
2 o Y POTM2000 )
Z pOTME50. ] cooling
g ... .. - NN o R
S A T TPy
& 0
[iv]
A T ——— T
— T e L
5 -2 ! I N
Z heatin POTMeS0 N 11'(
w -3{ heaung POTM1000 Ny}
L Q
b
T 4 POTM2000 »
-51 Standard DSC
_s_at 10 Kimin POTM2900
260 280 300

Temperature /K

Fig. 6. Standard DSC heat-flow-rate data for the POTM oligomef&abfe las a function of temperature on heating, followed by cooling.
Multiple melting peaks are labeled I, II, and III.
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POTMB50 0.945mg Standard DSC
24 at 10 Kfmin
&/ \ @ I. o
14 cooling

Heat-flow Rate / mWw/

heating
—_—
el
d
Il e
250 260 270 280 290 300
Temperature / K
Fig. 7. Standard DSC heat-flow-rate data for POTM650 as a function of temperature on several cooling and heating cycles. Multiple
melting peaks are labeled |, Il, 1ll, and the sequence of cooling and heating is indicated by the numbers 1-6.
heating up to the melting peak Il (trace 2) and cool- 1ll. These results must mean that peaks | represent the

ing for renewed crystallization in the presence of the eutectic melting with different degrees of perfection.
crystals of melting peak Il (trace 3). Next, the experi- peak Il represents the melting of metastable crystals,
ment was continued by reheating to the melt (trace 4), which under better crystallization conditions perfect
renewed crystallization on cooling without any nuclei and melt within the peaks | and lll, both shifted to
(trace 5) and, for reference, a final heating (trace 6). somewhat higher temperatures, and peak Ill repre-
All cooling traces show a very gradual start of crystal- sents the pure large chain-length components.
lization, with trace 3 missing the main crystallization The quasi-isothermal TMDSC traces for POTM650
peak shown in traces 1 and 5. The melting trace 4 run parallel to the DSC traces 5 and 6 and are dis-
indicates a missing peak Il and perfected peaks | and played inFig. 8. The three melting peaks correspond

Quasi-isothermal TMDSC POTMB50 1.59 mg
A=05K p=60s
TA Inst. 2920 Il
e cooling from the melt Aéﬁ
A subsequent heating 1 "
ﬁIc)') A ﬁ% N A
W X ‘[0?% amorphous Ao g N 1
o | "1
~. Doo AT=13K
O N ry P
Y = T
o ® -
L2 100% crystallinity
—

220 240 260 280 300 320
Temperature /K

Fig. 8. Apparent specific heat capacities measured by quasi-isothermal TMDSC for POTM650 on cooling and subsequent heating.
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Fig. 9. Lissajous figure of a quasi-isothermal TMDSC run coverin
a measurement in the melt.

to Figs. 6 and 7at about 270K (1), 280K (1), and
287 K (lll). The end of melting on heating occurs at
297.5K. On cooling of POTM650, there is no excess

g melting and crystallization. The perfect ellipse is superimposed from

cross-over at point A suggests that melting and crys-
tallization might overlap from A td@,. Assuming that
the marked step ifrig. 8 indicates the supercooling

apparent reversing heat capacity beyond that of the of the crystals that melt under peak lll, gives a value

melt. A minor drop in the reversing heat capacity oc-
curs approximately at the end of peak Ill. A larger drop
begins at the melting peak Il, and starting from 260K,
the C, on cooling agrees with th€, on heating.
Further details can be seenhig. 9, where a Lis-
sajous figure, a plot of the heat-flow rate versus the
temperature, is reproduced for modulation about a
small portion of the heating and cooling traces 2 and
3 of Fig. 7. The modulation had an amplitude of 2.5 K
and a period of 100 s, so that both crystallization and
melting could just be reached in one modulation cycle.
We expect the experiment to cover the upper region
of the eutectic melting peak | iRig. 7. The melting
peak Il should have been shifted into Ill, as indicated
by trace 4.Fig. 9 shows a number of cycles after a
steady state had been reached. For the interpretatio
of the deviation from an ellipse without melting and
crystallization, an identical reference cycle from the
melt is superimposed. The differenc&T, from the
end of melting to the beginning of crystallization is
2.4 K, with crystallization beginning close ff,, the
mid-temperature of modulation. ThisT is, however,
only an upper limit, since it contains the assumption

of 1.3K. Unique for POTM is the very slow rate of

crystal growth in both, the high temperature region in
Fig. 8 (melting at peak Ill) and the low temperature
region inFig. 9 (melting at peak I).

3.3.2. POTM1000

Fig. 10represents the results for POTM1000. The
crystallinity determined from the heat of fusion mea-
sured by standard DSC is 46%. In the standard DSC
trace ofFig. 6, there are two melting peaks (I and II),
of which peak | is dependent on the thermal history.
In the apparent, reversir@, trace ofFig. 10, there is
no peak I, only a small peak Il can be seen, as marked.
On second heating, the better crystallized sample
shows almost no peak Il. Again, it is difficult to say
nwhere the crystallization starts on cooling because
the reversing heat capacity of the liquid contained
larger deviations. The reversing heat capacities on
cooling gradually drop below the liquid heat capacity
from around 287 K and then reach the value of 56%
semicrystalline heat capacity at about 220K. The end
of melting on first heating occurs at 299 K. The onset
of crystallization on first cooling is approximately

that there is no reorganization during the 65 s between 297.3 K, suggesting a supercooling of 11 K. A multi-

the first crystallization and the last melting. The sharp

ple cooling and heating run, as seen for POTM650 in
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Fig. 10. Plots of the apparent, reversing specific heat capacities of POTM1000 on stepwise heating and cooling, measured by quasi-isothermal

TMDSC.

Fig. 7, indicates also considerable reorganization for
POTM1000 and a very small supercooling on crystal-
lization in the presence of remaining crystals, so that
the minimal supercooling may be as little as 2 K.

3.3.3. POTM2000

Fig. 11 exhibits the quasi-isothermal TMDSC
traces of POTM2000. There are two minor reversing
melting peaks on first and second heating. The low

of Fig. 6, but can be seen as a small shoulder when
enlarged as shown in referendd]. The high temper-
ature peaks are located at about 300K on both DSC
and TMDSC traces, and the end of melting on both
TMDSC heating runs occur at 305.5 K. The beginning
of the crystallization from the melt in bothkigs. 6
and 11, occur at about 286 K, yielding an about 20K
supercooling. Repeating the experimentag. 7 for
POTM2000, one finds that cooling after incomplete

temperature peak does not show in the standard DSCmelting moves the crystallization peak to about 10K

w

Quasi-isothermal TMDSC
A=05K p=60s
TA Inst. 2920

A
C,/(IK'g")

100% crystallinity

POTM2000 1.705mg
o 15t heating
e cooling
A 2N heating

1 r T
220 240 260

280

300 320 340

Temperature / K

Fig. 11. Plots of the apparent, reversing specific heat capacities of POTM2000 on stepwise heating and cooling, measured by quasi-isothermal

TMDSC.
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Fig. 12. Plots of the apparent, reversing specific heat capacities of POTM2900 on stepwise heating and cooling, measured by quasi-isotherma

TMDSC.

supercooling without showing the rather low rates of
crystallization seen in curve 3 &fg. 7for POTM650.

3.3.4. POTM2900

Fig. 12 represents the quasi-isothermal TMDSC
traces of POTM2900. There is hardly any apparent
reversing heat capacity contribution due to melting on
heating and due to crystallization on cooling. From
a recording of the modulated heat-flow rate versus
time, the beginning of crystallization is determined

to be 296.4K, and the end of melting, to be 307.6 K.
The difference of about 11K is taken as the degree
of supercooling of POTM290Cig. 13 shows stan-

dard DSC traces as iRig. 6, but starting at room

temperature with a sample annealed for a long time
at this temperature. Its melting shows an additional
high-temperature peak which is most likely the melt-
ing of the extended-chain conformation. Its end of
melting occurs at about 15K higher than the melting
in Fig. 6 and increases the supercooling to over 30K.

4 POTM2900
=
E g
x 15t run
& 21
= heating 2" run
2-41 — "
E
T 61 o
Standard DSC 3
-81 &t 10 K/min
260 280 300 320

Temperature / K

Fig. 13. Standard DSC heat-flow-rate data for POTM2900 as a function of temperature on heating and cooling.
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4. Final discussion and conclusions

These DSC and TMDSC experiments on paraffins

and oligomers of poly(oxyethylene)s and poly(oxy-
tetramethylene)s show several important properties:

3.

1. All analyzed samples, as well as the discussed

literature data, show an excess of reversible heat
capacity over the computed level based on the
vibrational spectruni24]. For crystals of polyethy-
lene and the paraffins this excess heat capac-
ity originates from conformational contributions

which also are the cause for the-relaxation 4,

observed by dynamic mechanical analyf?$].
Poly(oxyethylene) and poly(oxytetramethylene)
show similar relaxations, and all three polymers
are known to perfect on annealing by thickening
of the crystals involving sliding diffusiofiL2].

. Reversible melting and crystallization are found for
the paraffin GoH122. All other analyzed oligomers
melt largely irreversibly, although the POTM650
may show a small amount of fully reversible
melting, but much less than seen in the equiva-
lent PE560[9]. The reversing melting peaks seen
in Figs. 3, 5, 8, and 10-12re rather small, and
decrease with crystal perfection. Both, POTM2900
of this research and the POE5000 of reference

[11], melt fully irreversibly. At larger molar mass, 5.

as for POE35000[11] and POE300000[12],
PE15200[9] and PE13000(9,26], the reversing
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melting increases again, most likely due to incom-
plete melting of polymer molecules during the
modulation cycle.

All polymer fractions show signs of annealing
which starts immediately after the crystallization
and lead to multiple melting peaks (sEggs. 6, 7,
and 13). In some cases, this annealing goes in rec-
ognizable steps of reduction of the number of chain
folds [20]. The polymer fraction POTM650 has,
in addition, a broadened melting range towards
lower temperature due to segregation into different
eutectic fractions, as also seen in PESST)].

In Fig. 14, the supercooling of the newly measured
samples is compared to the earlier available data on
paraffins and polyethylend8,8,9]. The paraffins
and the low-molar-mass fractions were indepen-
dent of primary nucleation, while the higher-molar
mass polyethylenes were seeded to exclude pri-
mary nucleation effects. These data showed clearly
that there is a critical length in backbone atoms
above which molecular nucleation starts to be im-
portant for the description of the crystal growth.
The critical length is about 75 backbone atoms,
or about 10nm of extended-chain length of the
crystals, far below the critical length of chain fold-
ing which is observed for polyethylene for chain
lengths longer than 37 nf27,28].

The lower values of supercooling for the newly
measured oligooxides listed Fig. 14 correspond

to reversing melting thought to have occurred

Fy
]
10 POTM & POTM
¥ POTM| 2000 2900
- 1000
oy 84 A POE1500 PE130000
£ P e
° b POEZ060
§ & A ®PE2150 PE1552£
S ®1poe1000 !
o (Al A POE fractions
POE 13860
0«3) 4 PE1 15'0. & POTM fractions
5 & PE fractions
s POTME5O and paraffins
T 24 Literature data:
bold o paraffins
i} A POE fractions
0t e CyoH, o,
0 50 100 150 200 250° "1050 1100
PE560 Number of Backbone Atoms, x

Fig. 14. Degree of supercooling as a function of the number of chain atoms in the backbone of the materialsTatéx iand additional
paraffins[8] and polyethylene fractions and whole polym§
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with a minimum of reorganization and most likely
without the need of primary nucleation. These data
seem to parallel the drawn-out curve derived for
the CH-based molecules, i.e. they also have a crit-
ical molar mass of about 75 backbone atoms for
major supercooling due to molecular nucleation,
although the minimum seems not reach zero su-
percooling, i.e. there may not be a fully reversible
melting until shorter lengths than 45 chain atoms
are reached. The upper points marked-ig. 14
are most likely set by the need of primary nucle-
ation and lead to much larger supercoolings for the
polyoxides. For the polyethylene, this supercooling
is about 10K. The higher molar mass oligomers
of POE and POTM, in contrast, reach values as
high as 30K. This supercooling due to primary

nucleation marked by the upper points decreases

also with decreasing molar mass at similar chain
length.

Thermal analysis with DSC and TMDSC allows a

much deeper insight in the various processes involved (13]

in crystallization and melting. For well-crystallized

samples, the low molar mass examples cover the

range from fully reversible melting, as ingfH122
(Fig. 1), to fully irreversible melting as in POE5000
(11) and POTM2900 (Fig. 12). As soon as the mo-
lar mass reaches that of a polymer (>10,000 Da)
reversing contributions arise again. The reversing
contributions in samples of low molar mass distribu-
tions may be due to diffusion-based reorganization
into more stable crystal-size distributiorf$0]. In
samples of high molar mass, they may be due to
partial melting which on cooling, can avoid molec-
ular nucleation and set up local melting equilibria
[11].
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