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ABSTRACT: The critical annealing temperature, defined as the temperature at which crystals formed in dilute
solution and then dried undergo major alterations in thermodynamic and morphological properties, has been
accurately determined as a function of the initial crystallite thickness. This temperature is shown to obey the
theory for the melting of crystals of small size and thus can be identified with the melting temperature. It is, there-
fore, not necessary, as has been proposed, to endow the chain units within the interior of the crystals with any
extraordinary mobility. The well-known changes in properties that are observed upon annealing are merely con-

sequences of the fusion process and recrystallization.

t is well established that when crystals prepared from
dilute solutions of long-chain molecules are sepa-
rated from the mother liquor, major alterations occur
in morphological and thermodynamic properties when
the samples are heated above a certain temperature.?—%
These changes in properties include as much as a three-
to fourfold increase in crystallite thickness as well as a
substantial elevation of the dissolution temperature*
(melting temperature in a dilute solution.) Two quite
different points of view have been expounded to explain
these observations. On the one hand, it has been pro-
posed™™1® that a regularly folded chain type of inter-
facial structure is initially present and maintained dur-
ing the heating (annealing) process. Therefore, in
order to explain the increase in thickness, the polymer
molecule must possess an extraordinarily high and co-
ordinated mobility within the crystalline phase, 2710
Such mobility would be an extraordinary characteristic
of a crystalline polymer. In contrast, it has also been
proposed #3.11.12 that the observations in question are a
consequence of either melting or of partial melting
followed by recrystallization from the molten state.
Measurements of the changes in density, birefringence,
and wide angle X-ray diffraction patterns during iso-
thermal annealing* support this concept. Further
confirmation of this hypothesis is found in the calori-
metric properties of these crystals during fusion?!?
and the observation of Nagai and Kajikawa!® that
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after annealing, in the temperature range of interest,
the orientation of the crystallographic axis has become
random.

A resolution of this problem could be obtained by
the direct measurement of the melting temperature in the
pure state and comparison of this temperature with that
which causes the properties to change on annealing.
However, the required melting points cannot be easily
obtained directly because of rapid recrystallization in
the melting range and the concomitant change in struc-
ture that occurs.'*15 Therefore, very rapid heating
rates have to be employed.!®¥ There is, however,
an indirect approach to this problem which alleviates
these difficulties. If the crystallite size and interfacial
free energy are given, it is then a straightforward pro-
cedure to calculate the expected melting temperature
T.. of the crystals formed from dilute solution. The
required interfacial free energy has already been deter-
mined from the analysis of the dependence of the dis-
solution temperature on crystallite size.’® Hence, if an
accurate determination can be made of the annealing
temperature at which the properties change, a compari-
son of these two temperatures should help resolve
this problem. The present paper is concerned with the
experimental determination of this critical annealing
temperature and the analysis of the data in terms of the
proposition set forth,

Experimental Section

Two molecular weight fractions of linear polyethylene,
M, = 46,500 and 365,000, prepared and characterized in the
manner previously described,® were isothermally crystal-
lized from a 0.08 %7 xylene solution for long time periods.8:2¢
Isothermal crystallization was conducted over the tempera-
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ture range 75-92.5° to ensure as wide a range as possible in
the resulting crystallite sizes.® The crystal suspension was
collected in the form of a thin mat, by slow filtration, and
subsequently vacuum dried at about 40°. The dried mats
for each sample were divided into eight to ten portions,
each was wrapped in aluminum foil, and they were then
further evacuated for 48 hr. The samples were then placed
in sealed evacuated tubes which were immersed in silicone
oil thermostats maintained at the desired temperature,
A fresh sample was used at each annealing temperature.
This annealing was carried out for 48 hr, except for certain
specific experiments which were designed to investigate time
effects. To define adequately the temperature of interest,
the annealing was conducted at temperature intervals of
1-2°.

After being heated for the requisite time, the sample was
rapidly cooled to room temperature and examined by low-
angle X-ray diffraction using a Rigaku-Denki camera.
The crystallite thickness was obtained from the well-defined
maxima and was converted to a linear dimension by means
of Bragg’s law. The experimental uncertainty in the
crystallite size is estimated to be =2 A,

Results and Discussion

The low-angle X-ray diffraction patterns of the orig-
inal unannealed samples were similar to those reported
by other investigators.2!*? The maxima are relatively
sharp and at least two orders of diffraction are easily
discerned. This characteristic diffraction pattern is
maintained upon heating until a temperature is reached
which is about 2° below that which causes the major
changes in properties. At this point, although the
patterns become more diffuse, the original spacing is
still observed. Upon heating above this critical tem-
perature, however, both the original sharp pattern
and the spacings are altered. The patterns character-
istically become very diffuse and the magnitude of the
spacings increase. For a sufficiently high annealing
temperature, the diffraction pattern in completely lost.
Two typical sets of data, representing the change of
spacing with annealing temperature, are given in
Figures 1 and 2. The initial crystallite thickness of
these samples are 129 = 2 and 154 = 1 A, respectively.
At low temperatures the diffraction maxima remain
invariant over a wide range. However, it is clear from
these figures that above a critical temperature, desig-
nated as 7%, major changes in the low-angle spacings
take place. For the type of experiment reported here
this temperature can be defined to within =1°. We
have not observed the decrease in spacing with tem-
perature and time that has been reported to occasionally
occur by Calleja, Bassett, and Keller?® and by Nakajima,
eral.?

A summary of the results obtained, for different
initial crystallite sizes, are given in Table I. The
major result is that the critical temperature monotoni-
cally increases with the initial crystallite thickness. For
the two molecular weight fractions studied, M, =
46,500 and 365,000, identical results are obtained.
The lower molecular weight fraction was included
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TasLE |
RELATION BETWEEN CRITICAL ANNEALING TEMPERATURE
AND CRYSTALLITE SIZE

Temp of Initial
crystn, thickness,

M, T., °C A T*, °C
365,000 75 115 = 1 114.0 = 2
365,000 85 126 &= 1 118.5 =1
365,000 85 128 &= 2 119.5 = 1

46,500 85 129 &= 2 119.5 = 1
365,000 88 145 = 1 122.5+ 0.5
365,000 90.0 154 £ 1 124.2 £ 0.5
365,000 92.5 172 £ 1 126.8 = 0.5

primarily because studies of its fusion, by means of
differential calorimetry, showed that two distinct peaks
could be resolved.'? This is characteristic of melting,
recrystallization, and final melting.

Since the purpose of the detailed annealing studies is
to detect the temperature at which changes occur, it is
important to establish whether adequate time (48 hr at
each temperature) has been allotted for this purpose.
An analysis of the detailed isothermal time studies of
Fischer and Schmidt* and Takayanagi and Nagatoshi®
indicate that the procedure adopted here is adequate.
This conclusion is further substantiated by the following
additional experiments. In one set, a sample having an
initial thickness of 130 = 2 A and a critical temperature
of 120° was heated at 1-2° below this temperature
for periods of time ranging from 30 min to 11,500 min.
No variation in the low-angle spacing was observed
with the heating time in this case. In contrast, a
sample whose initial spacing was 129 + 2 A was an-
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Figure 1. Plot of low-angle spacing in angstréoms against
annealing temperature for sample M, = 46,000 crystallized
at 85° in xylene.
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Figure 2. Plot of low-angle spacing in angstréms against
annealing temperature for sample M, = 365,000 crystallized
at 90° in xylene.
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% (CHp:

Figure 3. Plot of critical annealing temperature 7% against
reciprocal of initial crystallite thickness in CH; units.

nealed at 123° for 2888, 5540, and 11,175 min, re-
spectively. The low-angle diffraction maxima was
found to be 180 = 5 A in all cases. Hence, for the
present purpose of delineating 7* the heating schedule
adopted is more than adequate.

By analyzing the data in Table I it is now possible
to test the premise as to whether T* can be identified
with the melting temperature 7,,. Utilizing the general
theory for the melting of crystals of finite size, it is
readily shown that for lamella-like crystallites

&f_J M

T =T."| 1 —
AH.¢

(in the derivation of this equation no assumption needs
to be made as to the molecular nature of the interface).
Here T* has been identified with 7., the melting tem-
perature of the actual crystallites, 7..,° is the equilibrium
melting temperature, o.. is the interfacial free energy
per mole of sequences emerging from the 001 basal
plane of the crystallites, ¢ is the crystallite thickness in
CH, units, and AH, is the enthalpy of fusion per re-
peating unit, The data from Table I are plotted in
Figure 3 according to the suggestion of eq 1. The
predicted linear relation results when 7* is plotted
against 1/¢. When the data are extrapolated to
1/¢ = 0, T, is found to be 147 = 1°. This extrap-
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Figure 4. Plot of melting temperature against reciprocal
crystallite thickness in CH, units. Line 4 from Figure 3:
[ from Calleja, ef al.;?* —A— from Wunderlich. e/ al.t"
line B and —@— from Bair, Huseby, and Salovey."!
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olated equilibrium melting temperature is in excellent
accord with the theoretical value of 145.5 + 1 pre-
dicted by Flory and Vrij* for linear polyethylene.
It is also in good accord with the value of 146 + 0.5°
which was determined from an analysis of the depen-
dence of the melting temperature on the crystallization
temperature for the bulk polymer,?2¢ and on the directly
observed value of 146.5 =+ 0.5° for annealed specimens,
prepared by high-speed stirring from solution.*
Thus, the identification of T* with T, is directly sub-
stantiated.

Further confirmation of this conclusion is obtained
from the interfacial free energy deduced from the data
in Figure 3. According to eq 1, from the slope of the
straight line the interfacial free energy can be calcu-
lated. Utilizing 7..," = 147° and AH, = 980 cal/mol
of units,® the interfacial free energy characteristic of
the actual mature crystallites is found to be 3400 =
100 cal/mol. This set of units corresponds to 125
ergs/cm.? This value for the interfacial free energy
is identical with that obtained previously from an
analysis of the dissolution temperature—crystallite
size relations.”™ In these latter experiments, this quan-
tity has been shown to be independent of the crystal-
lizing solvent.™2* Thus, the same interfacial free
energy is obtained from two completely different and
independent studies. These results thus give strong
support to the proposition that the major changes in
properties observed on annealing the dried specimen
are a direct consequence of melting and recrystal-
lization. The linear relations obtained in both sets of
experiments indicate no significant temperature variation
of the interfacial free energy over the range of study.
It should be noted, however, that the samples studied
were crystallized at sufficiently elevated temperatures
so that the process took place isothermally.®® The
determination of the dissolution experiments involve
very rapid heating rates,™ while the annealing experi-
ments described in the present work require relatively
slow heating. As long as reliable melting tempera-
tures are determined, the interfacial free energy de-
duced is independent of the heating rate employed,
assertions to the contrary not withstanding. ®

The results presented in Figure 3 and the interpre-
tation thereof are further substantiated by data that
have been reported in the literature. These latter
results are summarized in Figure 4. In this figure the
lower solid straight line, designated A, is a reproduction
of the line from Figure 3 and thus represents the present
experimental results, Two points from the paper of
Calleja, et «l.,?® represent T* for two differential initial
crystallite sizes. Although, unfortunately, the critical
temperature was only determined over a 5-deg range by
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them, their data fall on our line. There is also plotted
in this figure the directly observed melting temperatures
of solution crystals that were reported by Wunderlich,
et al.'® The melting temperatures were determined
by light microscopy and rapid heating rates, greater
than 10°/min, were utilized in order to avoid structural
reorganization. Their data are seen to be coincident
with the same straight line. The somewhat larger
variation in the crystallite thickness than is usually
observed has been attributed by the investigators to the
deliberate nonisothermal crystallization procedures
that were adopted at the high temperatures.!® It is
clear that within the uncertainty of the crystallite size
determination these directly observed melting tem-
peratures are virtually identical with the critical tem-
peratures determined from annealing experiments.
They yield the same value for 7,," and .. and confirm
the conclusions that have been made above.

Bair, Huseby, and Salovey!’?! have attempted to
determine the melting temperature of solution formed
crystals by utilizing differential calorimetry at heating
rates of 10°/min. However, prior to fusion, the samples
were subject to very high irradiation doses. The
underlying reason for this procedure is the assumption
that was made' that lamella thickening, and other
structural reorganizations, would be retarded without
altering any of the thermodynamic quantities governing
fusion. Their relting temperature determinations
are also given in Figure 4. The solid straight line,
designated B, representing these data, has been trans-
posed from their original paper. As is indicated in the
plot, the melting points determined by this procedure
are from 4 to 6 deg higher for comparable values of ¢
than is obtained by the other methods indicated.
However, the extrapolated value obtained for 7.°
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is 145.8°.31  The basis for the difference in the melting
points appears to reside in either the method of measure-
ment or in the introduction of the crosslinks into the
highly crystalline system. It still remains to be estab-
lished that at the heating rates employed structural
reorganization is prevented by this procedure and fur-
thermore that no other changes occur by virtue of the
cross-linking. It is known, for example, that the
enthalpy of fusion is changed by this process.’? It is
also theoretically expected that the cross-linking of a
highly crystalline system should result in an elevated
melting temperature.?® In view of these possibilities
we note that the data can be given another representa-
tion. This is indicated by the dashed line of Figure 4.
This new straight line is approximately parallel to the
one from Figure 3 and would indicate that about the
same interfacial free energy is involved. However,
this line extrapolates to a much higher value of T4°
This latter representation would thus be in accord with
theoretical expectations.®® Hence for this particular
set of data it could also be argued that the cross-linking
process has altered the thermodynamic properties.

The new data that have been presented here, together
with the data in the literature that have been cited, sub-
stantiate the premise that the annealing phenomenon
and the attendant change in properties are a consequence
of fusion. There is, therefore, a very natural explana-
tion for the changes in properties observed upon an-
nealing. It is thus not necessary that chain units
within the interior of the crystals be endowed with any
extraordinary mobility. The mobility and motion of
the chain units that are involved are merely a con-
sequence of the fusion process. The concept??® 10
that a regularly structured interface is maintained
during annealing is clearly not acceptable.
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ABSTRACT: Liquid trifunctional star polymers of propylene oxide resemble the parent linear polymers in show-
ing two distinct regions of dielectric dispersion. The principal peak occurs at the same frequency as in the linear
polymer. The small secondary dispersion peak again corresponds to a parallel dipole moment component of
0.18 D per repeat unit. and its relaxation time can be predicted from the molecular weight and viscosity by means of

the theoretical formulas of Ham or Zimm and Kilb.

Iinear polymers of propylene oxide show two dis-
tinct regions of dielectric dispersion.? The prin-
cipal relaxation peak is found in the same frequency
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region (at a given temperature and pressure) for all
molecular weights;23 it has been correlated® with
mechanical #* and nmr* relaxation data, and is due to
local motions of the chain backbone. The small
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