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ABSTRACT: As shown by time- and temperature dependent SAXS experiments, crystals of s-PP do not
change their thickness during isothermal crystallization and a subsequent heating to melting. This allows
an accurate determination of the relations between crystallization temperature, crystallite thickness,
rate of crystallization, and melting points. There are five main results obtained in a comprehensive
SAXS and DSC investigation: (i) Crystals have greatly varying stabilities, in spite of their uniform
thickness; the first crystals melt close to the crystallization temperature. (ii) Melting points are affected
by the distance to neighboring crystals. (iii) Crystals perfect during heating and annealing. (iv)
Recrystallization after melting, as observed for low enough heating rates, starts with crystal growth rates
that are at least 2 orders of magnitude higher than for a primary crystallization, and then slows down
progressively, being accompanied by an increase in crystal thickness. (v) The dynamic signals observed
in a MDSC run are indicative of a smooth change between crystallization and melting at the growth
front. Data evaluation yields the average time required for a melting of individual crystallites. A four-
state scheme allows a description of the behavior. It is based on the following assumptions: (i) Primary
crystallization from the melt produces in a first step imperfect “native” crystals, which are subsequently
stabilized by structural relaxation processes. These affect both the interior and the surface region.
Crystallization proceeds under a small driving force, near to the equilibrium between melt and native
crystals. (ii) The amount of structural relaxation is nonuniform thus producing crystals of different
stability. (iii) With increasing crystallization temperature, i.e., decreasing growth rate, native crystals
continuously approach the equilibrium state. (iv) The main part of fusion takes place near the equilibrium

between the relaxed crystals and the disentangled melt.

1. Introduction

The development of new metallocene catalysts which
can produce nearly perfect syndiotactic polypropylene!
has renewed the interest in these polymers and initiated
a number of detailed studies of their morphology,
crystalline structure, and thermal properties. Syndio-
tactic polypropylene (s-PP) is partially crystalline. If
the crystallization is carried out in thin films,22 the
crystallites can be observed directly by electron micros-
copy and atomic force microscopy (AFM). One finds
large single crystals with a rectangular, lath-shaped
habit. The two edges differ in character. While the long
edge is straight, indicating a microscopically planar
lateral surface, the short edge always shows some
curvature indicative for a roughened structure. If the
crystallization is conducted at elevated temperatures,
above 120 °C, bundles of crystallites form that emanate
from a common nucleus. At lower temperatures, the
crystallites become organized in spherulites, dendrites
or axialites, indicative of a stronger splaying and
branching during crystal growth.

We now have also a good knowledge of the crystal
structure. As known since the early work of Nata and
Corradini,* the chain conformation corresponds to a got>
sequence for each syndiotactic repeat unit, setting up a
helix of two syndiotactic units per turn with a period of
0.74 nm. The mode of chain packing in the crystals has
been established only recently, in electron diffraction
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studies on single crystals by Lovinger and Lotz.> Figure
1 depicts this crystal structure (addressed in the litera-
ture as “type I11”). The unit cell is orthorhombic and
occupied by two left- and two right-handed helices. The
interaction energy between the chains is highly aniso-
tropic. There is a strong coupling along the b-axis. On
the other hand, the rows of chains along b may easily
be displaced against each other, by relative shifts of b
/4 or b /2, thus creating a characteristic disorder. The
disorder becomes reduced when increasing the temper-
ature, and for temperatures above 130 °C crystallites
appear to be well-ordered. It is due to the strong
intermolecular interaction that the long edge, along b,
is microscopically smooth. Under this condition, it
became even possible to observe directly the pairing of
right- and left-handed helices along the row in the
atomic force microscope.> On the other hand, the
roughening of the short edge, along a, may originate
from the frequent occurrence of the glide processes. The
observed growth rates agree with these conditions.
They are large in b-direction, i.e., for the ac growth face.
This face always contains many niches, which are
necessary for encorporating new crystalline stems. On
the other hand, growth rates are much smaller along
a, because here we have a smooth growth face that
includes only a very low number of niches, if at all. As
an important further observation, atomic force micros-
copy indicates that the single crystals are covered by 6
nm thick disordered layers with a structureless surface.
As proved by microdrawing experiments, chain connec-
tions through the surface layer have no preferred
orientation, going equally along the a- and the b-axes.®

Studies of crystallization and melting were carried out
as a function of the content of racemic units and the
molecular weight, mainly by differential scanning cal-
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Figure 1. Unit cell of s-PP in a view along the chain axes.
The cell is orthohombic and passed by two right-and two left-
handed helices.

orimetry. One observes a systematic shift of the tem-
peratures of crystallization and melting to lower values
with increasing content of meso units.” Molecular
weight effects essentially vanish for molecular masses
above 40 000 g/mol.3 Measured crystallization iso-
therms can be represented by the Avrami function. The
derived characteristic time of crystallization shows the
usual exponential decreases with increasing tempera-
ture. The heats of fusion given in the literature vary
somewhat, between 6.97 and 8.4 kJ mol~! 8 (referring
to propylene units C3 Hg).

In polyethylene, at elevated temperatures chains
possess a longitudinal mobility in the crystalline state
that is provided by the a-process. As a consequence,
surface crystallization and melting as well as crystal-
thickening processes within the solid state become
possible.®19 Furthermore, the cold-drawing behavior is
affected, because the internal mobility improves the
drawability. An o-process with similar properties is also
found in isotactic polypropylene, but not in s-PP.11 This
fact makes syndiotactic polypropylene a good candidate
for fundamental studies of the mechanism of crystal-
lization. In polyethylene, we have the complications
arising from the ongoing crystal thickening and the
surface crystallization and melting; in isotactic polypro-
pylene usually cross-hatching processes lead to a com-
plex structure. In s-PP we find neither of these features
and encounter a favorable situation, having a well-
defined morphology with stacks of laterally extended
lath-shaped crystallites, at least in the high-tempera-
ture range (>120 °C). We therefore chose this system
for a detailed study of the structure changes during
crystallization and melting, employing temperature-
and time-dependent small-angle X-ray scattering ex-
periments. Itwas possible to determine simultaneously
all parameters necessary for a thorough analysis of the
crystallization Kinetics, namely for a given crystalliza-
tion temperature T, the crystal thickness d., the growth
rate u, and in addition, by carrying out a heating
experiment subsequent to the primary crystallization,
the limit of stability of the formed crystals. We comple-
mented the scattering experiments by specific calori-
metric studies including a modulated DSC run and
finally arrived at a set of data that, to our knowledge,
is more accurate and complete than for any other
polymer.

Absence of reorganization processes in the solid state
as promoted by the a-process does not mean that there
is no restructuring at all. There were reports in the
literature that clearly indicated a change of structure
by a recrystallization immediately after melting,312 We
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studied this melting—recrystallization process in more
detail, in particular to compare its rate with the rates
of primary crystallization at the same temperature.
Furthermore, we determined the thicknesses of the
newly formed crystallites.

After completion of the primary crystallization at T,
a subsequent cooling to room temperature always leads
to a further “secondary” crystallization. We analyzed
the associated structural changes by SAXS experiments.
As it turned out, secondary crystallization occurs by the
“insertion mode”, (Chapter 4.3 in ref 13), and we
determined the thicknesses and stability limits of the
inserted crystallites.

The motivation of our studies was the search for a
complete set of data that would enable us to check and
reconsider the current views on polymer crystallization
and melting. Indeed, the experiments led us to several
definite conclusions about some basic properties and
suggested the introduction of a “four-state model” as an
appropriate scheme for treating these phenomena. It
will be explained after the discussion, in the final section
of this paper.

2. Experimental Section

2.1. Sample. The syndiotactic polypropylene used in the
experiments was synthesized by S. Jingling in the group of
Prof. Mulhaupt in the Institute of Macromolecular Chemistry
of our university. The product had 91% racemic pentads (97%
racemic triads), as determined by **C NMR. The number
average molecular weight as obtained by GPC was M,=1.04
x 10° (Mw/M, = 2.3). More details about the sample and
morphological observations are reported in ref 14. In particu-
lar, AFM studies on etched films provided insight into the
structure. For a crystallization temperature of 135 °C, one
finds bundles of lath-shaped lamellar crystallites with a
thickness of about 10 nm.

2.2. Instrumentation. Conventional DSC curves were
registered with the aid of a Perkin-Elmer calorimeter model
DSC 4. In addition, Dr. Schawe (IFA Ulm) provided us with
an MDSC measurement carried out with a Perkin-Elmer DSC
7.

SAXS experiments were conducted using a conventional
X-ray tube and a Kratky camera equipped with a temperature-
controlled sample holder. Intensities were measured by both
a scintillation counter together with a step scanning device
and, in time-dependent investigations, a position-sensitive
metal wire detector. In the latter case, values of sufficient
accuracy were obtained within a few minutes counting time.
As the camera is equipped with a slit focus, data had to be
deconvoluted. This was achieved by applying a desmearing
algorithm developed in our group.*®

2.3. MDSC Data Representation. Generally, in dif-
ferential scanning calorimetry the heat flux dQ/dt into the
sample is monitored during a programmed temperature
change. In an MDSC run the time-dependent temperature is
given by

T(t) = T(0) + Bt + AT, sin wt 1)

implying a superposition of a linear increase of temperature
with a rate g and an oscillatory part with amplitude AT, and
frequency w.'® In the absence of the oscillatory part, i.e., in
the case of a conventional DSC run, we write

.
&l =cs @

with ¢, denoting the normal “underlying” heat capacity. ¢ is
understood as including both the specific heats of all parts in
the sample and also all enthalpy changes following from phase
transitions. The modulated part is associated with a reversible
heat exchange between the sample and the heating device. In
the general case, a phase lag may arise between the temper-
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ature change dT/dt and the heat flux. In order to account for
this possible effect, one writes

o(lj_? =¢,f + ¢, AT w cos(wt — a) = ¢, + c, AT w cos wt +
CyATw sin wt (3)

Here, ¢y, and o denote the amplitude and phase lag associated
with this “dynamic” heat capacity. An equivalent description
uses the real and imaginary part of c,, denoted ¢, and ¢y. The
real part is associated with that part of the heat flux that is
in phase with the time derivative of the temperature, i.e. the
instantaneous heating rate; the imaginary part has a phase
lag of 7/2. In this work, data will be given in terms of ¢, ¢,
and c.

2.4. SAXS Data Analysis. For the system under study,
being made of stacks of thin laterally extended crystallites,
the scattering intensity can be related to the one-dimensional
electron density correlation function K(z) defined as

K(2) = Wpe(2) — [D(pe(0) — [p00
= [pe(2)06(0) - [p 3 @)

It can be directly obtained by a Fourier transformation of the
scattering intensity. If we use the scattering cross-section per
unit volume, 2(q), K(z) follows as

1 1

12 @a)p

K(z) L “cos qz 47¢°2(q) dq (5)

g denotes the modulus of the scattering vector, being related
to the Bragg scattering angle, 9g, by

q= 4z sin vg (6)
y)

The parameter r. is the classical electron radius, re= 2.81 x

107 m.

In the case of partially crystallined polymers, a trajectory
along the surface normal passes through amorphous regions
with an electron density pe .. and crystallites with a core density
pec. As shown by Ruland,?” for such a layer system the second
derivative of the correlation function, K" (z), gives the distribu-
tion of distances between interfaces, in the form

K'(z) = %Apez[ha(z) + he(2) = 2hy((2) + hyea(2) + heee(2).-]
(7)

The expression between the brackets is made of a series of
distribution functions, whereby the subscripts indicate which
phases, amorphous and crystalline ones, are to be traversed
while going from one interface to the other. Of main impor-
tance are the first three contributions. They give the distribu-
tions of the thickness of the amorphous and the crystalline
layers, respectively (h,, he) and of the sum of both (ha), which
is identical with the long spacing L. If the boundaries between
the crystalline and the amorphous regions are sharp within
the resolution limit of SAXS experiments, the asymptotic
behavior of 2(q) in the limit of large scattering angles is given
by Porod's law

. P
lim 2(q) = r,>——— (8)
o ° (a/2n)*

Hereby P denotes the Porod parameter which is directly
related to the specific internal surface O, i.e., the area per
unit volume of the interface separating crystalline and amor-
phous regions, by

1
P = QoacApez 9

Rather than by taking the second derivative of the correlation
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function, K"(z) can also be deduced directly from the measuring
data, by use of

" — 2 T 4 't
KO = 2o Jo [lim o*=(0) — a*=(@)]cos gz dq ~ (10)

The correlation function K(z) has a characteristic shape
(Chapter A.4.2 in ref 13). It is composed of a sequence of
contributions that reflect the correlations within one crystal-
lite, between next neighbors, second neighbors, etc. The most
important part is the “self-correlation triangle” centered at the
origin. It exhibits several characteristic properties. If the
sample is homogeneously filled with stacks of crystallites, the
value at z = 0, known as the “invariant”, can be directly related
to the volume fraction of the crystallites ¢, by

K(z = 0) = ¢(1 — ¢)Ap,’ (11)

It can be shown that the slope dK/dz is directly related to the
Porod parameter and yields also O, by

aK _ O

= A (12)

A further parameter, I, is obtained by taking the ratio between
the invariant, K(0), and the initial slope, K'(0)

_ 2¢c(1 - ¢c)
¢ 0

KO _

K'(0) :

(13)

ac

Ic characterizes the length scale of the two-phase structure.
Knowing the crystallinity ¢. and the specific internal surface,
one may derive the crystallite thickness, d., by use of the
general relation

oac
¢ =—d (14)

From the two last equations there follows

@)
I, = dc(l - %dc) (15)
or reversely
2] \12
d = 1 Lz S (16)
Oac Oac Oac

As an approximation, the specific internal surface may be
related to the long-spacing L, by

O.. ~

ac

17

rino

The relation can be used together with eq 16 to obtain the
crystallite thickness, if I and L (but not O,) are known.
Equation 17 may also be employed for an approximate deter-
mination of the electron density difference between the
amorphous and crystalline regions, Ape. We write

_ K(0)
T 0,02

ac

Ap? ~ LK'(0) (18)

Evaluation of the experimental data led us to the following
linear temperature dependence of Ape

Ape(T/°C) = (29.9 + 0.105T) nm® (19)

3. Results

3.1. Isothermal Crystallization and Subsequent
Melting. After samples were kept in the melt at 190
°C for 30 min, they were cooled in the Kratky camera
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Figure 2. Isothermal crystallization of s-PP at T, = 133 °C
followed by time-dependent SAXS. Derived electron-density
correlation functions. The inset shows the correlation function
measured after 52.5 min, indicative of crystals with a thickness
of 7.5 nm.
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Figure 3. Same experiment as Figure 2: Function K"(z)
giving the distribution function of interface distances.

as fast as possible to the crystallization temperature,
chosen in the range between 122 and 140 °C. By
observation of the intensity, it was made sure that
crystallization did not start before isothermal conditions
were achieved. Then, the development of the structure
was followed by time-dependent small angle X-ray
scattering experiments. Figure 2 shows as an example
the result of an experiment carried out at the crystal-
lization temperature T, = 133 °C. The three-dimen-
sional plot presents the one-dimensional electron den-
sity correlation function, K(z), as it evolves as a function
of time. In the initial stage, for times below 50 min,
K(z) is given by the “self-correlation triangle” only, as
is indicative for the occurrence of individual crystallites.
The inset depicts one of these curves. As indicated by
the width of the base of the triangle, the crystallite
thickness amounts to d; = 7.5 nm. Then, when time
goes on, a stack is formed. The peak around 23 nm
gives the long spacing of the final structure. Equivalent
information can be derived from the second deriva-
tive, K'(z). According to eq 7, K'(2) relates to the
distribution of distances between the interfaces in the
stack. Figure 3 shows the functions K" (z) derived from
the same scattering curves as in the case of Figure
2, i.e., during an isothermal crystallization at 133 °C.
We observe a dominant ridge located with its maximum
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Figure 4. Same experiment as Figure 2: Time dependence
of the Porod parameter.

at 7.5 nm. Obviously, it again reflects the crystallites
and their thickness. Interestingly, the ridge location
remains constant throughout the whole crystallization
process. In K'(z), the long spacing shows up as a
minimum, located at 23 nm. In striking contrast to the
crystallites with their uniform thickness, the thick-
nesses of the amorphous layer in between are broadly
distributed. The average value should lie around
23—7.5 nm =~ 15 nm, but it is not associated with a
peak.

The kinetics of crystallization may be conveniently
expressed by use of the Porod parameter, P. According
toeq 9, P is always proportional to the specific internal
surface. This relation holds through all times, from the
initial stage with its heterogeneous sample structure
up to the end, when the sample is completely filled with
stacks of crystallites. Since the crystallite thickness
does not change with time, the degree of crystallization
follows the same curve. Figure 4 depicts the time
dependence of the Porod parameter as obtained for the
experiment of Figures 2 and 3. As usual for polymers
we observe a curve with sigmoidal shape, which indi-
cates in this case a half-time of crystallization on the
order of 100 min. After completion of primary crystal-
lization we end up with a value P = 0.6 nm~7, corre-
sponding to a specific internal surface Og= 7.75 x 1072
nm~1. Regarding that the crystals have a thickness of
7.5 nm, we obtain for the crystallinity with eq 14 ¢, =
0.29. If we estimate ¢ by just taking the ratio d./L we
arrive at a similar result. Direct observations of stacks
of crystallites in the EM or AFM may sometimes suggest
a higher crystallinity. However, this seems to be a
wrong impression. The amorphous regions close to the
crystallite surface have a lowered mobility, which may
greatly reduce the penetration of the staining or etching
agent.

Analoguous experiments were carried out at the other
crystallization temperatures. Figure 5 presents in
normalized form the kinetic curves, P(t)/P(»). As ex-
pected, growth rates greatly change with temperature.
Curves retain their sigmoidal shape, and it is possible
to represent them by use of the Avrami expression

P(t) ~ O, ~ 1 — exp[—(%)ﬂ ] (20)

The exponent g is essentially constant, with values in
the range g = 3.5 + 0.2. Figure 6 shows the charac-
teristic time t as derived from the Avrami plots at
different T¢'s. As is common for polymers, a tempera-
ture increase results in a near to linear increase of
log 7.
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Figure 5. Isothermal crystallization of s-PP conducted at a
series of temperatures between 122 and 140 °C, followed by
time-dependent measurements of the Porod parameter.
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Figure 6. Characteristic times derived from Avrami repre-
sentations of the isotherms in Figure 5.
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Figure 7. Dependence of the crystallite thickness on the
crystallization temperature, derived from K(z) in the initial
stage (open symbols) and from global parameters of the
completed structure (filled symbols).

The results presented in Figures 2 and 3 are typical
ones. For all crystallization temperatures it was found
that the crystallite thickness did not change during the
process of crystallization. The most accurate measure-
ments of d. were those in the initial stages, in the
absence of intercrystallite interferences. Figure 7 col-
lects all data thus obtained. For a check we derived d.
also from the scattering curve at the end of primary
crystallization, employing eq 16 and the approximate
relation eq 17. These results are also given in the figure
and we find the same tendency with only a small
difference in values. As we see, d; varies between 6 nm
at T, = 122 °C and 9.5 nm at T, = 147 °C. For the
highest temperature, due to the ultralow crystallization
rate, measurements were restricted to the initial stage
only. Figure 8 shows the correlation functions obtained,
which have a perfect triangular shape.
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Te = 147 °C.
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Figure 10. Continuation of the experiment of Figure 3:
Observation of the melting during a heating subsequent to the
isothermal crystallization.

Next we investigated the stability of the primary
crystals by a slow heating subsequent to the completion
of primary crystallization. The results obtained for the
sample of Figures 2—4 are shown in Figures 9—11. In
all the curves, one observes a continuous decrease of
the respective values with incrasing temperature. SAXS
curves were registered at each of the indicated temper-
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Figure 11. Same experiment as Figure 10: Melting shown
by the decrease of the Porod parameter.
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Figure 12. Melting after an isothermal crystallization at the

indicated temperatures, registered by measurements of the

Porod parameter. Curves are vertically displaced against each

other by constant amounts.

atures with a measuring time of 10 min, thus creating
a rather low overall heating rate. We note that the
ridge position stays absolutely constant, telling us that
we have no crystal-thickening processes. Interestingly,
crystals, in spite of having a constant thickness, vary
in their stability. Melting obviously starts shortly above
the crystallization temperature and then increases in
rate; the last crystals disappear at 155 °C. Note that
the melting rates between T, and 155 °C are even
stronger than indicated by the Porod parameter. P
includes as an additional factor the electron density
difference Ape?, which increases with temperature, thus
acting in reverse direction.

An analogous behavior was found for all crystalliza-
tion temperatures. Figure 12 collects all melting curves,
expressed by the temperature dependence of the Porod
parameter in normalized form, P(T)/P(Ty). Obviously,
an increase in the crystallization temperature results
in an increase of the crystal stability. The temperature
with the highest melting rate, Ty, is usually addressed
as the “temperature of fusion” of the crystallites.
However, we should be aware that even for crystals with
a constant thickness, we find no unique melting tem-
perature.
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Figure 13. Temperature with the highest melting rate Tr as
a function of the crystallization temperature T..

A peculiarity arises for the lower T¢'s. As indicated
in the figure, melting here takes place in two successive
steps. As will be discussed later on, this phenomenon
is due to a melting immediately followed by recrystal-
lization. Therefore, in the description of the relation
between Tr and T, we have to select the location of the
first maximum slope. Figure 13 depicts this depen-
dence, collecting all values of Ts. We compared the
results with literature data obtained by DSC for samples
with a similar content of racemic units’ and find a good
agreement.

To complement and check the SAXS results, we
carried out analogous experiments in a differential
calorimeter, by first conducting the isothermal crystal-
lization up to completion and then following the melting
during a reheating. Figure 14 depicts melting curves
measured after various times of crystallization at 120
°C. The curves have the usual form and are shown here
only to stress one important point: In agreement with
the SAXS observation, we find again that melting starts
immediately above the crystallization temperature,
slowly at first and then with increasing rate, reaching
the maximum just before the end. The curves further
demonstrate that this is true irrespective of the time of
crystallization. Figure 13 includes in addition to the
SAXS results the values of T¢ obtained by differential
calorimetry. As we see, DSC and SAXS results confirm
each other.

We also determined the heat released during an
isothermal crystallization at 130 °C. It amounted to
AH= 53 J g~1. Combining this value with the crystal-
linity derived from the SAXS curve, we obtain for the
heat of fusion of the s-PP crystallites

AH,=53397%0.29=183Jg '=7.7kImol™*

which essentially agrees with the literature data cited
in the Introduction. As a remark, we found that the
heat of fusion during a subsequent melting was always
larger by 5—10%. This difference may reflect the
temperature dependence of the heat of fusion, following
from the different values of the heat capacities of the
crystallites and the amorphous regions.

Employing a modulated differential scanning calo-
rimeter, the curves shown in Figure 15 were obtained.
As in the other experiments, observations refer to the
melting subsequent to an isothermal crystallization,
here conducted at 130 °C. The parameter set of the run
is given in the figure caption. The mean heat capacity,
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Figure 14. DSC melting curves measured after various
periods (2, 4, 6, 8, 10, and 12 min) of isothermal crystallization
at T, = 120 °C.
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Figure 15. Results of an MDSC run after an isothermal
crystallization at T, = 130 °C (8 = 0.5 K min™%, o = 27/96 s,
ATy = 0.2 K): mean heat capacity ¢, (continuous line); real
and imaginary part of the dynamic heat capacity, c, (dashes)
and cy (dots). Measurement by J. Schawe (IFA, Ulm).

ci, agrees with the result of a conventional DSC run.
The interesting point is the existence of the dynamic
signals ¢, and cy. They demonstrate that rates of
melting vary linearly with the temperature. Impor-
tantly, as will be explained later on, their occurrence is
indicative of reversible changes between melting and
crystallization to take place at the growth face of a
crystallite. As will also be shown, data evaluation
allows an estimate of the times required by the indi-
vidual crystallites for their melting.

3.2. Crystal Perfectioning and Melting—Recrys-
tallization Processes. There are reports in the lit-
erature about the occurrence of double endotherms in
the DSC curves indicative for a melting immediately
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followed by recrystallization.’? We have carried out a
more detailed investigation of this process. As a first
result, Figure 16 depicts a series of DSC curves mea-
sured directly after the completion of primary crystal-
lization at three different temperatures, employing
three different heating rates as specified in the figure.
One observes a splitting of the melting peaks coming
up for low heating rates. As we see, the weight of the
high temperature component increases with decreasing
heating rate and with decreasing crystallization tem-
perature T.. There are also changes in the location of
the low-temperature part. Generally, it shifts to higher
temperatures with decreasing heating rate; however, for
the highest heating rate, a reverse shift is observed. As
one can exclude heat conduction effects at a heating rate
of 10 K/min, the latter behavior indicates a superheating
of the crystallites. Quite remarkable is the sharpening
of the first melting peak with decreasing rate. As
proposed in ref 12, the new peak coming up on the high-
temperature side should be due to a second melting after
a recrystallization in the temperature range of the first
endotherm.

To check and ensure this assignment, we carried out
an additional experiment with the results being shown
in Figure 17. A sample was completely crystallized at
T, = 120 °C and then heated rapidly to 146 °C, which
is right in the center of the main melting region. There,
it was kept for different times of annealing before
continuing the heating, now with a moderate heating
rate of 10 K/min. In the figure we see at first part of
the curve that is measured up to the temperature of 146
°C and then, on the right, the curves obtained during
the heating after the various annealing times. These
final melting curves are composed of two parts. There
is a first part that obviously has to be associated with
the final melting of the not yet melted material. On
the other hand, the second part shows the melting of
the already once melted and then recrystallized part of
the sample. We separated both contributions by nu-
merical means. The procedure is indicated in Figure
18. For the first part we chose a symmetric Gaussian
with a constant integral weight. The second part was
described by an asymmetric function made of two half-
Gaussians with different widths. It shows a varying
overall width and weight, both increasing with anneal-
ing time. Figure 19 gives us as the result of the data
evaluation the heat contents included in the two parts,
as a function of the annealing time. We observe a
steady increase of the second part, with the largest rate
of increase at the beginning. In quantitative terms, we
obtained the following data. The total heat of fusion
measured without the interruption step is AH = 55 kJ/
g. The largest part, namely 50 kJ/g, is already molten
at 146 °C. The remaining part is the first component
found in the heating after the annealing, with a heat of
5 kJ/g. For the longest times of annealing, we find a
heat of fusion of the recrystallized material of about 30
kJ/g, corresponding to about 60% of the molten material.
We also have evidence for crystal perfectioning pro-
cesses. These show up in the shift of the first part to
higher temperatures, i.e., higher stabilities.

The occurrence of crystal-perfectioning processes is
also indicated by another experiment. As was pointed
out by Lovinger and Lotz,'8 the perfectness of the crystal
structure may be checked by measuring the intensity
of a peculiar reflection characteristic for the “type 111"
lattice. This 211 reflection is located at a scattering
angle 2 ¥ = 18.7° and can be seen in the series of
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Figure 17. DSC analysis of the recrystallization after melt-
ing: Structure evolution as a function of the time of annealing
at T = 146 °C as reflected in the DSC curves.
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Figure 18. Experiment of Figure 17: Separation of a ther-

mogram into the contributions of the not yet melted and the

recrystallized material.

WAXS curves shown in Figure 20. These curves were
measured subsequent to a primary crystallization at 120
°C. As indicated by the results shown in the inset, one
observes an increase in the intensity of this reflection
relative to the others, which is again indicative for a
crystal perfectioning during heating.

In order to detect the morphological changes associ-
ated with the recrystallization, we carried out corre-
sponding experiments by SAXS. Figure 12 already
included indications for a melting—recrystallization
process. More detailed results are given in Figure 21.
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Figure 19. Heat of fusion of the recrystallized material AH
as a function of the annealing time, derived from the thermo-
grams in Figure 17 (square-tic symbols; the squares at
constant level give the contribution of the not yet melted
crystallites).

It depicts correlation functions K(z) as measured at the
beginning of primary crystallization and then at the end
of the melting process, for crystallization temperatures
of 122, 128, and 139 °C. For the highest crystallization
temperatures we find no change in d., as shown by the
unchanged width of the base of the self-correlation
triangle when comparing the beginning and end. This
contrasts with the behavior for T, = 122 °C, where a
clear shift is observed, from the initial 6.5 nm to a final
9 nm. Obviously, the latter value gives the crystal
thickness of the recrystallized material. The recrystal-
lized material melts again at 156 °C, as expected for
lamellae with this thickness.

Figure 22 shows results for a sample that was only
shortly crystallized at 125 °C up to a crystallinity of
about 2%. Under these conditions, we observe es-
sentially single crystallites. The curves in the figure
show their melting and recrystallization, as reflected
in K(z). As for the completely crystallized sample, the
first melting occurs around 147 °C. This is followed by
a recrystallization of more than half of the original
material, which again leads to the formation of crys-
tallites with a thickness of 8.5 nm. These new crystal-
lites then disappear around 156 °C. Hence, we have
the same behavior as for the completely crystallized
sample.
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3.3. Secondary Crystallization on Cooling. When,
after the completion of the primary crystallization, a
sample is cooled further, down to room temperature, the
crystallization processes continue. This becomes ap-
parent in on-going changes of the small angle X-ray
scattering curves. Figure 23 shows these changes as
reflected in K'"(z). The functions were derived from the
SAXS curves measured during a stepwise cooling sub-
sequent to a primary crystallization at 143 °C. After
the cooling, samples were heated again to 143 °C.
Figure 24 depicts the functions K" (z) obtained during
this reheating.

The new feature in these curves is a second peak with
a center around 5 nm. It might have already been
present at 143 °C as a weak contribution, but then
during cooling it greatly increases in weight. At room
temperature it reaches a height comparable to the
height of the primary peak centered at 8 nm.

The structural changes on cooling are associated with
an increase in the specific internal surface O4. Figure
25 depicts on the left the temperature dependence of
the Porod parameter and on the right the temperature
dependence of the specific internal surface, obtained by
using eqgs 9 and 19. The figures include in addition the
changes registered during the subsequent reheating.
Figure 26 gives the corresponding changes in the
crystallinity. These were deduced from the invariant
K(0) together with eq 19.

As we find both an increase in the crystallinity as well
as in the internal surface, we have clear indication for
the insertion mode of secondary crystallization. Cooling
leads to the formation of new lamellae that grow
between the primary crystallites. Obviously, these
secondary crystallites melt again on reheating the
sample to the original T.. We note a splitting between
the heating and the cooling curve, indicating that a
difference exists between the temperatures of formation
and fusion.

A convenient way to learn about the structural
changes taking place around a certain temperature is
given by calculating the difference between the func-
tions K"(z) obtained during heating and cooling, respec-
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tively. By choosing two curves that were measured at
the same temperature, one avoids any problems that
could arise from the temperature dependent contrast
factor Ape(T) included in K'"(z). The difference then
strictly represents a difference in the distribution func-
tion of the distances between interfaces and gives the
contribution originating from those crystallites that
have not yet formed during cooling but are still stable
on heating. Figure 27 presents a set of difference curves
derived from the functions K" (z) shown in Figures 23
and 24. At the highest temperatures, 143 and 135 °C,
we observe two peaks, the first one located around 10
nm and a second one around 5 nm. The latter stays at
a constant position on cooling, whereas the first clearly
moves to smaller values. Both seem to merge in the
temperature range of 80—90 °C. The first peak appar-
ently continues to move, ending up at about 4 nm at
the lowest temperatures. As a comparison with Figure
7 shows, the first peak essentially continues the depen-
dence d¢(T;) found for the primary crystallites. Its
assignment therefore seems to be clear: It gives us the
thickness of the secondary crystallites and shows us how
it decreases on cooling. On the other hand, the second
peak, at 5 nm, appears to be a contribution of amor-
phous layers, because it is highly improbable that
crystallites that are so thin would form at the elevated
temperatures. One can identify this value with the
minimum thickness of the amorphous layers. Such a
minimum thickness certainly exists and it may repre-
sent a preferred value. Hence, the general tendencies
appear to be clear. Quantitative evaluation does not
seem appropriate considering that these data represent
something like a third derivative of the correlation
function and therefore lack accuracy.

Crystallization processes stop only when the glass
transition of the amorphous layers is reached, at around
0 °C. This is demonstrated by the results shown in
Figure 28. We have quenched a sample in liquid air
after completion of a primary crystallization at 133 °C,
and then transferred it into the holder in the Kratky
camera preset at 1 °C. SAXS curves were measured
twice, after 1.8 h and nearly 3 days time of annealing,
and the respective functions K" (z) were determined. In
the lower part of Figure 28 we see the difference
between the two curves. It shows a peak at 3 nm and
a shoulder at 5 nm. We observe also a split minimum,
with one contribution at 8 nm and another one around
13 nm. The minimum gives the distribution function
of the sum of the thicknesses of a crystallite and an
adjacent amorphous layer. It looks appealing to assign
the first minimum to the sum of a 3 nm crystallite and
the 5 nm amorphous layer and the second to the sum
of an 8 nm crystallite together with a newly formed 5
nm amorphous layer. If the 3 nm crystallites grow
along the primary 8 nm crystallites at a minimum
distance of 5 nm, both contributions would indeed arise.

4. Discussion

The experimental results combined with the broad
knowledge in the literature about crystallite structures
and morphologies provide us with a sound basis for
considerations about the mechanisms effective during
the crystallization and melting of this polymer. Indeed,
they give a number of clear answers to basic questions
and enable us to set up a picture of the controlling
processes. We shall develop it step for step in the
following.

4.1. Kinetics of Isothermal Crystallization. The
kinetics of isothermal crystallization of s-PP agrees with
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Figure 21. Comparison of the crystallite thicknesses at the beginning of primary crystallization at different T.'s and the end of

melting, employing the correlation function K(z).

the behavior commonly found for polymers. Previous
work on this substance mainly concerned the temper-
ature range below 120 °C, using DSC. Our experiments
go to higher temperatures, and crystallization isotherms
are analyzed in terms of the time dependence of the
specific internal surface, Oqc(t). Characteristic times of
crystallization deduced from the Avrami data represen-
tation show a temperature dependence that agrees with
the data in ref 3 and extends them to higher tempera-
tures. The crystallization behavior is simple in the
sense that a change in temperature just results in a shift
of the isotherm when we use a logarithmic time axis;
i.e., the shape of the curve remains constant and we
have only a change in 7. We remark that this simple
behavior, although often observed, is not obvious.
Overall crystallization kinetics is not controlled by one
factor only but includes, in principle, different influ-
ences. First, growth takes place in two directions, for
s-PP along a and b, and the two growth faces differ in
character. While the bc-face looks atomically smooth,
the ac-face exhibits a curved irregular shape. For an
atomically smooth face one may expect layer-by-layer
growth, whereas for a rough growth phase face one has
to envisage “normal growth” with an attachment of the
chain sequences on the always present niches. Fur-
thermore, crystallization starts always with a primary
nucleation step. Therefore, how should we interpret the
observed simple behavior? The answer is difficult,
because observations in the optical microscope give no
help. While at lower crystallization temperatures, one
observes nucleation and growth of spherulites,® no
peculiar morphological features are found in the tem-
perature range of our experiments, T, = 120 °C. In this
situation any geometrical interpretation of the shape
of the isotherms as characterized by the Avrami expo-
nent lacks the foundation. We may conclude however,
that the ratio of the growth rates along a and b, which
determines the aspect ratio of the crystallites, should
remain essentially constant with temperature, as this
is a necessary requirement for the similarity property
of the growth curves. This implies in the usually given
case of an athermal heterogeneous nucleation that the
overall crystallization Kinetics reflects in their temper-

ature dependence the common change of the two growth
rates. It is possible to check this by a comparison with
literature data at lower T s for samples with a similar
molecular weight and content of racemic units.® Linear
growth rates of the spherulites showing up below 120
°C were measured directly in a microscope. We find for
the slope d log =4/dT a value close to the reported one.

New knowledge comes from the SAXS curves regis-
tered during the isothermal crystallization. The cor-
relation function and the distribution of the distances
between the interfaces as reflected in K''(z) tell us quite
clearly that the crystal thickness d. is constant through-
out the whole crystallization process, in contrast, for
example, to polyethylene where a continuous thickening
occurs. In s-PP one can be sure that after completion
of the crystallization the sample is homogeneously filled
with crystallites of uniform thickness. This thickness
increases with increasing crystallization temperature,
in the range of our measurements by 50%, from 6 to 9
nm, as shown in Figure 7.

4.2. Melting after Isothermal Crystallization.
According to a common view, the generally observed
broad melting range of polymers originates from a
thickness distribution of the crystallites. Having now
a sample with a uniform crystallite thickness or, more
accurately speaking, a narrow thickness distribution
centered at a sharp maximum, we can check this
assumption. Figures 9—11 represent the melting pro-
cess as monitored by the SAXS experiments during
heating. For a sample with a uniform crystallite
thickness one would expect a sharp melting point. The
observation, however, is clearly different: Melting sets
in more or less immediately above the crystallization
temperature T, and then it becomes stronger, up to a
maximum that is reached just before the final melting.
The curves tell us also that the thickness of the
crystallites remains unchanged throughout the heating
process. The findings lead to a straightforward con-
clusion: Obviously, there exist other factors, in addition
to the thickness, which affect the stability of the
crystallites. Even more important, we learn from the
observations that the stability of the crystallites shows
great variation. The majority possesses the maximum
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Figure 23. Secondary crystallization during cooling following
an isothermal crystallization at 143 °C. Distribution function
of interface distances derived from measured SAXS curves.

stability and melts at the high temperature end of the
range. However, for others this stability is much
reduced so that they can melt already shortly above T..
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Figure 24. Continuation of the experiment of Figure 23:
Structure changes during a reheating back to 143 °C.

The observations are of concern with regard to a central
guestion in the understanding of polymer crystalliza-
tion, namely that about the cause of the large difference
between the temperature of primary crystallization, T,
and the temperature of the melting peak, T;. We think
that our experiments give an answer. As is known,
crystallites of s-PP grow, as polymers in general, with
a constant rate, up to the impingement on another
crystal. This certainly can only take place under the
condition of a constant supercooling; it seems impossible
that a distribution of crystallites with temperatures of
fusion varying over 20 °C is growing with a uniform
velocity. How can these two contradictory observations,
the common growth rate of all crystallites and the large
variations in the melting points, be reconciled? We see
only one answer: Crystallization leads in the first step
uniformly to a “native” form of crystals different from
the final equilibrium, which is then reached in a second
step, by stabilization processes. In the initial form all
crystals have equal properties and grow with the same
rate. The variations in stability then arise in the next
step, if the involved secondary processes are nonuni-
form. For the structural relaxation, two mechanisms
may be envisaged:

(i) In the experiments we have evidence for a perfec-
tioning of the crystal structure. We observed it during
heating or annealing at elevated temperatures, but it
may also take place directly at the crystallization
temperature.

(ii) So far, in the large majority of works, the surface
free energy of the crystallites is treated as a constant
quantity. In fact, one may well imagine kinetic effects
to be present. When the growth face of a crystallite
propagates through the melt, the entanglements in front
of this face have to be moved away, and they will first
become enriched in concentration near to the crystallite
surface. Later on, they will become redistributed in the
amorphous layer, leading to a relaxation and a gain in
mobility in the surface zone. Hence, it looks conveivable
to discriminate between a higher kinetic value of the
surface free energy and the finally reached lower
equilibrium value. One can expect that the difference
between the two values increases with the crystalliza-
tion rate, i.e., with decreasing temperature.

The amount of free energy decrease following from
the structural relaxations may vary. As it appears, the
majority of the crystallites finally ends up in the
equilibrated form but there are others where the
relaxation remains incomplete. An interesting insight
comes from Figure 9 and a look at the temperature
dependence of the ridge related to the long spacing.
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However, these possible modifications do not influence
the determination of d; so that our main conclusion
remains untouched.

The rate of structural relaxation should depend on
temperature. In this context it is interesting to have
another look at the DSC curves in Figure 16 measured
for different heating rates. As was already noted, a
decreasing rate leads generally to a sharpening of the
first melting peak, indicating that more and more
crystals become transformed into the equilibrium state.

The growth rate of the crystallites is determined by
the thermodynamic driving force given by the free
energy difference between the melt and the growing
crystallite, hence, by the supercooling. As already
remarked, this supercooling must be constant for all
crystallites. Trivially to say, it cannot be larger than
the distance between T, and the temperature where the
first crystallites melt again. This happens only a few
degrees above T, which sets a limit for the supercooling
effective during crystal growth.

0 5 10 15 2 25 30 35 40 45
z/nm
Figure 27. Experiments of Figures 23 and 24: Differences

between the functions K(z) obtained during heating and cooling
at equal temperatures.

Figure 29 depicts in a common presentation both the
dependence of T, and T; on the crystallite thickness, in
a plot employing the inverse d.~! as suggested by the
Gibbs—Thomson equation. We find two linear depend-
encies with different slopes. Interestingly, the linear
extrapolations of the measured data cross at a finite
value of d.71. This is a surprising result with conse-
quences, but before discussing it, we consider the
melting-recrystallization processes.

4.3. Melting—Recrystallization Process. There
is a qualitative difference in Kkinetics between the
primary crystallization starting from an equilibrated
melt and the recrystallization subsequent to a crystallite
melting: For equal temperatures the latter process
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takes place on much shorter time scales. The DSC
results of Figure 19 enable us to carry out a quantitative
comparison. First we note that for the recrystallization
process a nucleation is not necessary, since the largest
growth rate is found at the beginning. Here, the
crystallinity changes with a rate

d¢. 029 dAH _

7 o -4 1
Gt 52947 2x107*s (21)
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On the other hand, for comparison we may estimate the
rate of primary crystallization at the same temperature,
T = 146 °C, using the Avrami equation

2
8.0 = o) (1~ exp (] ] (22)
The largest growth rate is found for
tr=1 (23)
and given by
do, B
o = $l (24)

From Figure 6, we find by linear extrapolation
1=25x 10°min=1.5x 10°s (25)

and therefore for the maximum rate of change of the
crystallinity the result

do, -6 1
E =~3x10 °s (26)

As we see, there is a large difference, that amounts to
at least 2 orders of magnitude.

It is not difficult to give an explanation. As it appears,
the structure of the melt immediately after the fusion
of a crystallite differs from that of a melt in thermal
equilibrium. A basic property of the equilibrated melt
is the presence of entanglements. These not only control
the viscoelastic properties, but may affect also the
transition into a partially crystalline structure. As the
entanglements have to be shifted away into the remain-
ing amorphous regions, the progress of the growth front
of a crystallite becomes delayed. In reverse, the entan-
gling process, i.e., the process leading to the reestablish-
ment of the entanglement network, requires also a finite
time. Therefore, immediately after the melting of a
crystallite, the disentangled state is still alive for some
time and during this period crystallization rates become
much enhanced. If time goes on, the entanglements
come back into the region in front of the growth face
and, as a consequence, the growth rate progressively
decreases. There is a more accurate description of this
last point. Generally, the growth rate is determined by
the (positive) balance between the rates of attachment
and detachment of sequences onto and from the growth
face. When the entanglements return, the attachment
rate decreases. In order to keep the crystal growing,
the detachment rate has to decrease correspondingly
and this is achieved by sufficiently increasing the crystal
thickness. This exactly is the effect observed in the
experiments of Figures 21 and 22.

Regarding the conditions effective during the melting-
recrystallization process we recognize what the line
T#(dc 1) in Figure 29 really means: It represents the
equilibrium between the equilibrated crystallites and
a melt in the disentangled state. This may at first
sound like a strange idea, because T¢(d;) is generally
considered as representing the equilibrium melting
point of a crystallite with thickness d., but we in fact
think that this is not strictly true.

Experiments demonstrate, furthermore, that recrys-
tallization proceeds close to this equilibrium line. Com-
pared to the case of primary crystallization we have only
a small difference between the temperatures of forma-
tion and fusion. The difference shows up directly in the
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<—3 melting
stop by

spontaneous formation
of a thicker layer

——> recrystallization

Figure 30. Switching from crystallite melting to growth.

splitting between the first and the second endothermal
peak in the DSC curves of Figure 16, which begins with
values of about 3 °C. This is far away from the
difference anticipated for primary crystallites formed at
146 °C from the equilibrated melt, which, according to
Figure 13, would amount to 10 °C.

One may wonder if melting—recrystallization takes
place also at lower temperatures during the heating
process. Experiments tend to give a negative answer
because we did not find during the heating any change
in the crystallite thickness. This, however, is not a strict
statement because the accuracy could be too low. If
melting—recrystallization processes are really absent at
lower temperatures, the observed peak sharpening at
the low heating rates must be caused by a continuous
crystal perfectioning. That the latter process indeed
exists is clearly demonstrated by the behavior showing
up in Figure 17. The first component found in the
curves measured after the annealing at 146 °C repre-
senting the not yet melted material is noticeably af-
fected by the time of annealing.

In principle, melting can always turn into crystal-
lization, by the process sketched in Figure 30. Crys-
tallites melt from the surface only, with a rate deter-
mined by the superheating T—T;. At some time a
thicker layer could form spontaneously on the growth
face. If the thickness increase is sufficiently large,
recrystallization is initiated and we have a switching
from melting to crystallization. For the thicker surface
layer, the previous superheating leading to melting
turns into a supercooling, now leading to crystallization.
In principle this process may always occur during
heating. However, its realization requires low enough
heating rates.

In summary, dealing with the formation of crystallites
in a polymer melt, we encounter two temperatures
associated with a given crystal thickness d.. The first
one represents the point of equilibrium between a
crystallite in the native, imperfect form and the en-
tangled melt; the second, the temperature of equilibrium
between the perfect crystal and a disentangled melt. The
crystallization temperature, T, is located just below the
first; Ty, slightly above the second point.

4.4. Problem of Determining the Equilibrium
Melting Point. The data presented in Figure 29
showing a crossing of the lines T¢(d. ) and T¢(d.™ 1) at
a finite thickness clearly indicate that the Hoffman—
Weeks plot is incorrect, at least for s-PP. In this widely
used procedure, T; is plotted against T. and the point
where T; equals T, is taken as the equilibrium melting
point T{.1® We obtain in this way T = 166 °C, in
agreement with the literature,'? but this temperature
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obviously does not represent T¢. In our picture, this
value just gives an estimate of the temperature where
the crystal growth rate has become low enough to avoid
all kinetic effects, so that perfect crystals are formed
immediately.

What can now be done in order to determine the
equilibrium melting point of our sample? The answer
may be disappointing, as it is, strictly speaking, nothing.
Per definition, T{ represents the temperature where
the chemical potentials of a perfect infinitely extended
crystal and the relaxed, i.e., entangled, melt are equal
to each other. Neither of the two lines T¢d.™!) and
T¢(d:™1) leads in linear extrapolation to this tempera-
ture. In one case we have imperfect crystals, in the
other an unrelaxed melt. We can only give an upper
bound. Since the chemical potential of the equilibrated
melt is below that of the nonrelaxed, partially disen-
tangled melt, the equilibrium line is shifted to lower
temperatures. The line T¢d:™Y) in Figure 29 is given

by

163 °C nm

Ty =176 °C — ="

(27)

c

Therefore, we may write Tf < 176 °C. In Figure 29 we
have also sketched a hypothetical continuation of the
dependence T.(d.1). The latter function must stay
below the line T#(d: ™), and it ends up exactly at T;.

Even if we accept 176 °C as a good estimate, i.e.,
disregard the melt structure effects, we should be
reminded that it just represents a value associated with
our particular sample. This, although having a high
fraction of racemic diads, is still not perfect. Even a
small fraction of meso-diads leads to a distinct melting
point reduction. According to results obtained by Bal-
bontin et al.” this amounts to a shift of about 8 °C per
1% of meso-diads. For our sample, with 3% of meso-
diads, we therefore expect an approximate shift of 24
°C against a perfectly syndiotactic polypropylene.

The Gibbs—Thompson equation may still be employed
for a determination of the surface free energy of the
crystallites in the equilibrated state, if we just consider
the slope

daT, dT,  20,T;
dd ' dn!  Ah

c

(28)

with Ah the heat of fusion per monomer (C3 Hg), 0. the
free energy reduction per end group, and n the number
of monomer units per crystalline stem. The latter
follows from

_ & 29
n=-=, (29)

with
Az =0.185 nm (30)

giving the height increment per monomer.* From the
slope of the line in Figure 29 we deduce

(20"‘) =1.96
Ah) T
This value refers to the equilibrium structure of the

crystallites. The values associated with the kinetically
determined native crystals are obviously much larger,
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as indicated by the slope of the line connecting Ty =
Te(d;=t — 0) and T.(d.™%). It increases with decreasing
temperature, i.e. with increasing growth rate, whereby
it is not possible to discriminate between the effects of
0. and Ah. Probably both give a contribution, in the
sense that o, increases and Ah decreases.

Just for use in comparisons with other data we give
the linear relation between T, and d.~! found in our
experiments. It reads

444 °C nm

T, =193 °C — =

(1)

c

Introducing the value for Ah given in section 3.1 we
may calculate the free energy reduction o, due to the
end groups. For the equilibrated crystals we obtain

0, = 7.5 kJ+(mol of end groups) ' = 30.7 erg cm(:z)

(the area per chain is ab/4 = 0.203 nm?). This value is
smaller than the one given by Cheng et al. in ref 6 for
lower crystallization temperatures, where the rate of
crystallization changes more rapidly.

4.5. Superheating and Times of Crystallite Melt-
ing. We already drew attention to the fact that melting
of a crystal takes place on its surface only; a melting in
the interior does not occur. It is difficult to establish
this property in experiments on low molar mass crystals,
but clear demonstrations are provided by chain molec-
ular crystals. Here, owing to the extremely low rates
of chain attachment and detachment, melting processes
can be followed in the microscope in real time, a
beautiful example being found in the classical work of
Kovacs on fractions of poly(ethylene oxide).2° As known
from the morphological studies, syndiotactic polypro-
pylene forms large single crystals. One may therefore
expect that the melting on heating requires a measur-
able time. Indeed, it shows up in calorimetric measure-
ments as a detectable superheating effect. The DSC
curves presented in Figure 16 provide examples. Con-
sider at first the melting curves measured for T, = 130
°C. In the case of the lowest heating rate, the last of
the primary crystallites vanishes at 152.5 °C, while for
a rate of 10 K/min, that is still low enough to eliminate
heat conduction effects within the apparatus, they
persist up to 155.5 °C. This indicates a superheating
of 3 °C. For the given heating rate it corresponds to a
time required for melting of 18 s.

There is a second route to determine the superheating
during the crystallite melting, and it uses MDSC
measurements. A full discussion of the information
content of MDSC curves like those shown in Figure 15
will be provided elsewhere, in a separate paper, and we
sketch here only briefly the basis of the evaluation.
Consider the heat flux during melting of a crystallite.
Under isothermal conditions it is solely due to the
melting process. Melting takes place on the lateral faces
of the crystallites and we may write

(%—?)O = 6—:o,fu, (33)

Here, Oy describes the total area of lateral crystal faces
contributing to the melting process. The melting leads
to a shift of the lateral faces into the crystal interior
and we describe the displacement per second by the
parameter u_. Further parameters in the equation are
the heat of melting per monomer, Ah, and the monomer
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volume, vn,. The origin of this equation is obvious and
it should be generally valid.

Next consider the additional effect of a superimposed
temperature modulation with frequency w and ampli-
tude ATy. It leads to a fluctuation of the heat flowing
into the sample described by

9Q) gin wt = 2hat.0 Mg
(dt)w sin ot = VrnATOOIf g7 sin wt (34)

The ratio between the mean value of the heat flow and
the amplitude of the fluctuating component follows as

dQ du-
dt o

If rather than using isothermal conditions, the sample
is slowly heated under superposition of temperature
modulations as described by the program eq 1, melting
takes place at temperatures above the equilibrium
melting point. For small superheatings we may assume
a linear relation between the rate of melting and the
superheating

du_
u_= d_T(T - Ty (36)
This leads to
d
@
dt Jo

whereby (dQ/dt) is understood as representing only the
heat flow due to melting.

In the experiment of Figure 15 the results are given
in terms of the mean heat capacity ¢, and the dynamic
heat capacities ¢, and c¢,. The fluctuating part of the
heat flow during a crystallite melting relates to the
imaginary part of the dynamic heat capacity, being
given by

(38)

For the part of the mean heat capacity associated with
the melting we have

G ="">2" (39)

We therefore obtain for the ratio between these two
quantities

cy . i
& oT-T) (40)

If a sample is heated and crystallites start to melt, the
superheating varies in time. For each crystal, melting
sets in at the equilibrium melting point; then the
superheating increases linearly to a certain maximum
that depends on the parameter du_/dT, the heating rate
B, and the crystal size. The calorimeter measures an
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average. Hence, we write
C”
v L (41)
G W(T-T)

The average superheating and the average time re-
quired for the crystallite melting are related by

(T — Ty = PAL/2 (42)
Therefore, we can also write

o2

(o - oAt

(43)

Hence, MDSC experiments provide us with a means to
determine superheating effects and melting times of
crystallites in a sample. For low molar mass crystals
both quantities can be immeasurably short. Not so for
polymers, where melting requires a finite time.

Let us now have a look at of Figure 15. We find in
the range of the melting peak for the ratio of the heat
capacities a value

2 =022
C

This was obtained for a heating rate = 0.5 Kmin~! and
a frequency of the modulation w= 27/96s. Hence, the
average superheating is

(T-T)=06K

implying that the average time required for a crystallite

melting is At; =72 s. This is indeed a remarkably long
time.

We can compare this result with the direct observa-
tion cited above. The latter refers to another heating
rate, 10 K/min rather than 0.5 K/min. It is possible to
estimate the related change. For a crystal of length |
the time required for melting is given by

= du_ At 44
CL 4

Accordingly, At; changes with the heating rate as
Atf ~ ﬁ—l/Z (45)

Consequently, the superheating changes with the heat-
ing rate as

(T — Ty = pAt2 ~ p° (46)
Using this relation we arrive at
(T—-Tp=28K

in perfect agreement with the direct observation.
Interestingly, the superheating effect becomes dimin-
ished when decreasing the crystallization temperature.
For a heating rate of 10 K min~! we observe at T, =
120 °C a superheating AT 1 °Cand at T, =125°C a
AT ~ 2 °C. This would correspond to times of melting
At =~ 6 s and Aty ~ 12 s for these two temperatures.
This decrease in the melting time makes sense. Just
remind that decreasing crystallization temperatures
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’

Figure 31. Mechanism of crystal growth during secondary
crystallization.

lead to smaller thicknesses and higher crystallization
rates. In correspondence to that we may anticipate also
a higher melting rate.

It appears that the average superheating is not
constant during the heating. For temperatures below
146 °C, i.e., outside the region of the melting peak, we
find a ratio

"
CV

_%1
C

corresponding to an average superheating
(T—-Tp=013K

and an average melting time At = 16 s. One may
understand this result as indicating that the less stable
crystals have a smaller size.

The observed values for the superheating have an
important implication. As we have employed a modula-
tion amplitude of 0.2 K, which is in the same order or

larger than (T — Ty), during many of the cycles the
melting point is crossed. The existence of a dynamic
signal under these conditions is clearly indicative for a
continuous transition from melting to crystallization at
the growth face when switching from superheating to
supercooling. “Normal growth” on rough growth faces
behaves like that, “layer growth” controlled by second-
ary nucleation would not have this property.

4.6. Insertion Mode Crystallization. According
to the experiment of Figures 23—26 we had at the end
of the isothermal crystallization at 143 °C, before
starting the cooling process, stacks of crystallites with
a thickness d; = 8 nm, setting up a two-phase structure
with a crystallinity ¢. = 0.34 and a specific internal
surface O, = 8.6 x 1072 nm~1. The amorphous regions
show a broad thickness distribution with an average of
15.5 nm. The secondary crystallization during cooling
to room temperature then results in an increase in the
specific internal surface of AO,. = 0.045 nm~1 and in
the crystallinity of A¢. = 0.17. The changes are brought
about by introducing additional crystallites, with thick-
nesses starting at values around 10 nm, that is similar
to the primary crystallites, and then decreasing steadily,
down to 4 nm at room temperature. Probably many of
the new crystallites develop just by continuation of
already existing ones.

We have also evidence for the occurrence of a mini-
mum thickness of the amorphous regions with a value
around 5 nm. This seems to be a preferred distance in
the broad distribution, therefore showing up as a peak
in K"(z). Its weight increases on cooling, indicating that
more and more crystallites realize a distance according
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Figure 32. Four-state scheme for treating polymer crystallization and melting, indicating the processes taking place at the

temperatures of crystallization and the melting peak, T. and Ts.

to this minimum value. Figure 31 summarizes all these
observations in a simple sketch.

Two points are to be especially noted. First, as
already remarked, we find that the dependence of the
crystallite thickness on temperature during secondary
crystallization essentially continues the former depen-
dence found for the primary crystallization. Equation
31, which describes the primary crystallization, predicts
for 100 °C a value of 5 nm and for 0 °C a value of 2.3
nm. The values determined during secondary crystal-
lization are close to these predictions. As another
observation, one may recognize that the secondary
crystallites do not reach the stability of the primary
crystallites because, as is to be noted, the difference T
— T is definitely smaller. For example, secondary
crystallites grown at 120 °C are completely molten
already at 135 °C compared to 149 °C found for a
primary crystallite grown at the same temperature. In
our view, structure relaxation is hindered if two crys-
tallites closely approach each other, down to the mini-
mum distance. In the thinnest amorphous layers the
entanglement density is at a maximum and a redistri-
bution down to the values in the relaxed melt is no
longer possible. One may also generally consider the
increasing entanglement density produced when two
primary crystallites approach each other as a main
controlling factor. Already during primary crystalliza-
tion, a lamella growing in between two already existing
ones can grow only to the limit where a critical density
of the entanglements is reached. Secondary crystal-
lization then just means a continuation under the action
of the increased thermodynamic driving force provided
at the lower temperatures.

5. Conclusions

We understand our experiments as teaching us that
crystallization in syndiotactic polypropylene, in the form
of the primary and secondary crystallization or the
recrystallization after melting, always takes place with
a normal, i.e., small undercooling. The peculiarities in
behavior arise from the fact that the phases involved
in the primary crystallization and the final melting are
not the same ones. Primary crystallites grow near to
the equilibrium between the entangled equilibrated melt
and an imperfect “native crystallite”. In contrast to this,
the main part of the melting occurs near the equilibrium
between the crystallite in its equilibrium state and a
melt that is still disentangled in the decisive region in
front of the growth face. The large difference between
the temperature of formation of the primary crystallites,
T, and the temperature of final melting, Ty, originates

under these conditions from the structural relaxation
of the crystallites both at their surfaces and in the
interior, and additionally, from the upward shift of the
chemical potential of the melt following from the
disentangling enforced by the crystallization process.
Hence, in order to properly deal with the summary of
all observations we need a four-state scheme with two
states for the melt, given by the entangled equilibrium
state and the disentangled temporary state, and two
states for the crystallites, the native state at the time
of formation and the equilibrated state reached for the
majority of crystallites at the end of the structural
relaxation processes. Figure 32 gives a sketch of the
proposed scenario, with all the different phases and
processes. Curves depict the course of the local Gibbs
free energy through a crystallite, showing a minimum
in the interior and maxima in the surface regions.

Taken as a whole the scheme might be new, but of
course, it is composed of processes that have been known
and discussed for a very long time. We can only cite a
few works, selected more or less by chance. To begin
with, the idea of an initial formation of imperfect
crystals immediately followed by a perfectioning is
expressed in Wunderlich’s book?! (Chapter 6.1.6) and
supported by several observations. These processes
show up, for example, when employing fast calorimetry
on polyethylene (Figure V1.24) or, even more directly,
in the existence of a perturbed boundary zone in growing
crystals of poly(ethylene oxide) (work of Kovacs, Figure
V1.27). An effect of the surface structure on the stability
of polymer crystallites was deduced by Holdsworth and
Turner-Jones? from X-ray studies on poly(ethylene
terephthalate). The melting—recrystallization process
has found much interest already in the sixties, in
particular in works of Stuart and Zachmann.?® Skepti-
cism against the Hoffman—Weeks procedure has also
existed for a long time, and is well substantiated in
Wunderlich’s book. In fact, the tentative continuation
of the curve T¢(d.™1) in Figure 29 is not pure speculation,
but supported by observations on several polymers (it-
polystyrene, poly(vinylidene fluoride), poly(butadiene)),
all of them collected in ref 21 (Chapter 9.3.2). Finally,
direct evidence for the occurrence of states intermediate
between the equilibrated melt and ordered crystallites
both during crystallization and melting is provided in
a work of Kanig?* on polyethylene. Employing a rapid
staining technique in a time-dependent electron micro-
scopic investigation, he could observe such intermediate
states and addressed them as “smectic”.

We do not think that it would be appropriate to
analyze the kinetic data using the Hoffman—Lauritzen
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treatment. The basis for its application is lacking, in
many respects:

o«The growth face is rough, which leads to normal
growth rather than layer-by-layer growth.

«Growth control by secondary nucleation produces an
asymmetry between melting and crystallization by
necessitating a finite supercooling before the onset of
growth. This is contradicted by both the immediate
onset of recrystallization after melting, and the exist-
ence of a dynamic DSC signal indicative of a smooth
transition between melting and crystallization.

*A main factor in the crystallization Kinetics is the
dependence of the crystallite thickness on T.. We find
clear deviations from the usually assumed proportional-
ity between d. and the inverse supercooling, originating
from a continuous change of the properties of the initial
crystallites.

In an attempt to deal with the observations and to
evaluate the kinetic data we developed another theo-
retical concept. It is presented in a separate paper.2®

One may wonder if the conclusions are restricted to
s-PP. We do not think so, considering that the overall
behavior is absolutely in line with the usual observa-
tions on polymer systems. It is only that in other
polymers further complications may arise, as for ex-
ample, in polyethylene the solid state thickening pro-
cesses. The four-state scheme suggested by our studies
on s-PP could thus well have a wider significance.
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