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ABSTRACT: The crystallization kinetics of the n-alkanes C1gsHaas, C192Hass, and CagoH gz have been studied
for the structures formed from either the pure melt or solution. For all the n-alkanes studied, and independent
of the crystallization medium, the rate of crystallization decreases rapidly with increasing temperature. A
discontinuity is observed in the temperature interval where a specific type of folded structure is no longer
formed from the original melt or solution. The effect of concentration was also analyzed for the n-alkane
with 168 carbons. Decreasing concentration decreases the rate of recrystallization but the functional dependence
with temperature is maintained. To analyze the kinetics of the crystallites formed from the initial state,
distinction needs to be made between these structures and those transformed from them. If this distinction
is not made, the results could show an inversion in the rate of crystallization. The nucleation process of either
folded or extended crystallites is found to be the same and shows characteristics similar to those found in

the low molecular weight polymers.

Introduction

Long-chain n-alkanes with carbon atoms between 100
and 500 units have recently been synthesized.~* Because
of their unifotm chain length, they serve as model
compounds in the study of the polyethylenes as well as
other polymers. Their properties can now be studied and
compared to those of low molecular weight polyethylenes.
Thus, extrapolation to the infinite chain length could, in
principle, predict the properties of the polymeric chain.
A fundamental connection between the n-alkanes and
polymers has already been pointed out in the very similar
molecular weights at which folding occurs.’

In a previous paper® the kinetics of the isothermal
thickening of folded crystallites formed by C;¢gHass and
Ca40H4s; crystallized from either the melt or solution were
analyzed. A detailed analysis of the fusion process and
the crystallization kinetics from the pure melt of C19:Hzgs
has also been reported.” In addition, other analyses
concerned with morphology,®13 nucleation theory,!4-18
isothermal thickening 81920 crystallization kinetics,”21-23
and melting processes®™’ have been reported for similar
high molecular weight n-alkanes. Of particular interest
is an inversion in the crystallization rate versus temper-
ature that has been claimed to take place in melt-grown
Ca4sH 4942123 and in solution-crystallized CyggH3gs.22 The-
ories were developed to explain this very unusual
phenomenon,16-18 A gimilar inversion in the growth rate
has also been reported for a methoxy-terminated poly-
(ethylene oxide) fraction crystallized from the bulk.2

In the present paper, the crystallization rates of C,gsHssg
and CoyHusz from the melt and from solution, as well as
the crystallization of Ci9oHggg from the melt (previously
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reported), are analyzed in terms of classical nucleation
theory adapted for chains of finite length. Itis found that
a clear distinction must be made between crystallization
from the disordered state and the subsequent isothermal
thickening that can also occur. From these studies the
reality of the inversion in the crystallization rate can be
discussed and analyzed in detail. These studies will also
provide the framework for a comparison of the behavior
of the n-alkanes and of polyethylene fractions of similar
chain lengths.

Experimental Section

The n-alkanes CigsHags, C192Hass, and CoeoHygz were used in
this study. Their synthesis has been described previously.*’

Thermal analysis experiments were performed using a Perkin-
Elmer differential scanning calorimeter (DSC-2B) for most of
the work. Some of the crystallization kinetic experiments from
the melt were followed using a Perkin-Elmer DSC-4. For the
crystallizations carried out from solution, stainless-steel liquid
O-ring sealed pans, specially designed for solution studies, were
used. Toluene was used as a solvent and the concentration (w/v
%) was adjusted in the DSC liquid pan. Isothermal crystalli-
zations were carried out directly in the calorimeter by first melting
or dissolving the n-alkane and then rapidly cooling the sample
to the desired crystallization temperature. Temperature cali-
bration was performed using indium as the standard.

The crystallization kinetic data were obtained either from the
exothermic peaks integrated to various crystallization times or
from the area of the endothermic melting peaks. In the latter
case, the sample was heated subsequent to isothermal crystal-
lization for a predetermined time. The area of the peak was used
todetermine the amount of transformation that had taken place.
The importance of using a relatively high heating rate has already
been discussed.® When the endotherms were used to follow the
crystallization kinetics, heating was always initiated from the
crystallization temperature without any further cooling.

Results and Discussion

I. Rateof Crystallization. A. Crystallization from
Solution. Crystallization rates of the lowest molecular
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Figure 1. DSC exotherms of the crystallization of C1ggHz3s from
a 4 w/v % toluene solution at the indicated temperatures.

weight n-alkane studied, Cigghlsss, were analyzed at
concentrations of 4, 1, 0.2, and 0.15% in toluene. The
DSC exotherms for the crystallization of a 4% solution
areshown in Figure 1. Only anarrowtemperature interval,
7076 °C, is available to study the crystallization process.
For the purpose of clarity, the exotherms at 70 and 71 °C
have been omitted from the figure. Below 70 °C the
crystallization is too fast to be resolved by the DSC. Above
76 °C the crystallization is very slow and sufficient heat
is not released to be detected in a standard DSC scan.
Therefore, above this temperature, the crystallization
process was monitored by plotting the area under a
particular DSC dissolution peak as a function of crystal-
lization time. An unusual feature in Figure 1 is the
appearance of double exothermic peaks in the range of
crystallization temperatures studied. The variation of the
first exotherm (at the shorter times) with temperature
follows the pattern expected for the crystallization of
polymeric or oligomeric substances. It appears at longer
times with increasing temperature, which is characteristic
of a decreasing crystallization rate. On the other hand,
the behavior of the second exotherm is quite the opposite.
The process associated with this exotherm becomes faster
with increasing temperature. For T, = 76 °C both peaks
overlap in a broad exotherm.

To obtain some insight into the process or processes
that lead to these exotherms, the crystallization at a given
temperature was interrupted at different times. For
example, the crystallization was stopped at a time between
the two exotherms, at a time corresponding to the
maximum of the second exotherm, and after the second
exotherm is completed. After each of thege time intervals
the crystals were rapidly melted from the crystallization
temperature, 7. The melting endotherms resulting from
these interrupted experiments are given in panels a and
b of Figure 2 for crystallization temperatures of 72 and 76
°C, respectively.25 A common feature of the thermograms
of Figure 2 is the disappearance with time of the initial
peak found at ~84 °C. In a previous work it was shown
that this transformation is a consequence of an isothermal
thickening process that is taking place during crystalli-
zation.® Close to once folded crystals are initially formed
and are subsequently isothermally transformed to the
thermodynamically more stable extended crystals. Mea-
sured and calculated dissolution temperatures of extended
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Figure 2. DSC dissolution endotherms after isothermal crys-
tallization of C,gsH3ss from a 4 w/v % toluene solution for the
indicated times: (a) T, = 72 °C; (b) T = 76 °C. The solutions
were heated at 20 °C/min from the crystallization temperature.

and once folded CigsHasg crystals agreed closely with the
dissolution peak temperatures of Figure 2. It was also
shown that the rate of this process increases very rapidly
with crystallization temperature.

If we compare the exothermic thermogram for T, = 72
°C of Figure 1 with the melting endotherms of Figure 2a,
it is clear that the second exotherm, which appears at
about 5 min, must be associated with the isothermal
reorganization of the once folded crystals (with a disso-
lution temperature T ~ 85 °C) to extended crystals (T}
=95 °C). The extended crystals are formed at the expense
of the folded crystals as implied by the conserved areas
under the dissolution peaks before and after the trans-
formation. Melting before the second exotherm starts to
develop, i.e., after only 2 min at 72 °C, results in single
melting peaks at temperatures which agree with the
dissolution of once folded crystals. After crystallization
for 5 min, where the second exotherm is developing, half
of the area of the first melting peak is transformed to
crystals having a dissolution temperature close to that for
extended crystals. Melting after the second exotherm is
observed (6 min) only results in extended crystals asshown
in Figure 2a, indicative of a complete transformation.

The dissolution peaks observed at different times after
crystallization at 76 °C (Figure 2b) are examples of the
rapidly increasing rate of transformation of the folded to
extended form with increasing crystallization tempera-
tures. The fact that this transformation occurs during
the initial stages of crystallization at 76 °C would have
been difficult to ascertain by just examining the exothermic
process. As Figure 1 indicates, at this temperature only
one broad exotherm is perceived. Consequently, a careful
examination of the dissolution peaks at the early times of
crystallization is necessary in this range of temperatures
in order to realize that folded crystals are formed initially
from the original solution. As a corollary, it is important
to recognize that when studying crystallization mecha-
nisms, or kinetics, from either exothermic or endothermic
peaks, care must be taken to establish the structure that
is initially formed from the disordered state.

The crystallization kinetics can be analyzed by taking
the inverse of the time to reach 10% of crystallization as
a measure of the crystallization rate. For crystallization
temperatures of 77 °C or higher, the dissolution temper-
ature of the folded structure was not detected at any
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Figure 3. Rate of crystallization as a function of temperature
for CyesHggs crystals at the indicated concentrations in toluene.
Open symbols represent data for once folded crystals. Closed
symbols are data for extended crystals.

crystallizationtime. This observationisanindication that
the folded crystallites are not formed at these tempera-
tures. Only extended crystals were obtained at temper-
atures of 77 °C, or greater, and their crystallization rates
were obtained from the dissolution peaks as previously
noted. The crystallization rates are plotted versus crys-
tallization temperature in Figure 3. Most of the data were
obtained for a 4% solution. The sparser set of data that
were obtained in 1 and 0.15% solutions are also included
in this figure. All the data represent the crystallization
rates of the structures that were initially formed. Thus,
the crystallization rate at 76 °C from the 4% concentrated
solution was not included in this figure. Aswas previously
described in the interpretation of the broad exotherm
obtained at this temperature (Figure 1), the transformation
of the folded initially formed crystallites at 76 °C is very
rapid and the experimental determination of the rate is
complicated by the transformation. The open symbols
represent folded chain crystals and the closed ones are the
extended chain crystals.

The rate of crystallization decreases with increasing
crystallization temperature. The data from the 4%
solution show a distinct break at the crystallization
temperature where folded crystals are no longer formed.
Although fewer data points are available, similar trends
are also observed for the 1 and 0.15% solutions. The data
of Figure 3 indicate that decreasing concentration de-
creases the crystallization rate of both the folded and
extended structural forms. If the time at which there is
a maximum heat outflow is taken as representative of the
overall crystallization rate (ro50), the general character of
the rate of crystallization is unchanged.

An inversion in the rate of crystallization of a 3.85%
solution of C19sHz3gs has been reported from a DSC study
in which dissolution peaks, after crystallization at a given
temperature, were analyzed with time.22 This inversion
generates a minimum in the curve of the rate of crystal-
lization vs temperature. The decrease of the rate of
crystallization of CyggHgeg with decreasing temperature
was interpreted as being a consequence of surface poi-
soning.2?2 It was postulated that folded nuclei formed on
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the surface of extended crystals would retard their growth.
Since no minimum has been found in the present study
with C;gsHsss, it is important to examine possible reasons
why a minimum could have resulted from the experimental
data reported for the Cyg9sHags solution.

The minimum in the crystallization rate was observed
in the temperature interval where the rate of formation
of folded chain crystals is severely reduced. With only a
slight increase in crystallization temperature, only ex-
tended crystals are produced from the original solution.
It was shown previously® that the isothermal transfor-
mation (thickening) of a folded to extended structure is
very rapid in this temperature range. Therefore, extreme
care must be taken to separate the two processes when
analyzing the crystallization rate from endotherms. If the
original folded chain crystals transform rapidly to extended
ones, there is the distinct possibility that only the melting
of the extended crystals will show up in the DSC scans.
To be consistent in the analysis and interpretation, it is
important that the rate of formation of the structure that
is initially formed always be recorded. Any subsequent
transformation, such as from a folded to an extended form,
represents a different process that should not be inter-
mixed with crystallization from the homogeneous solution.
Put another way, the kinetics of the thickening of the
extended from the folded form should not replace the
initial rate of formation of the folded structure. In the
aforementioned study of C1gsH39s from a toluene solution??
the heating thermogram after crystallization at 78 °C is
shown in Figure 7 of ref 22. This thermogram makes clear
that the crystallization process starts with a folded
structure. Thisisindicated by the first (low-temperature)
endotherm followed by an exotherm as a consequence of
the reorganization on heating leading to a high-temper-
ature endotherm. In the analysis of the kinetic data?? in
this temperature range, the initial formation of folded
crystallites from the melt was disregarded. The crystal-
lization rate of extended structure from the melt was taken,
overlooking the fact that they develop from the folded
ones. In this manner, two distinctly different processes,
crystallization and transformation, were intermixed. The
data plotted here in Figure 3 only represent the rate of
crystallization of the form that initially develops, irre-
spective of whether it is folded or extended. When the
kinetic data are treated in this manner, no minimum is
observed in the crystallization rate. On the other hand,
if the second exothermic peak in Figure 1, indicative of
isothermal thickening to the extended form, is taken as
a measure of the initial formation of this structure, a
minimum in the rate of crystallization will be observed as
isillustrated in Figure 4. In this figure the open and closed
circles represent the crystallization rates of the structures
that are initially formed (folded or extended, respectively);
the closed triangles represent the rates of the isothermal
transformation. We can conclude, therefore, that the
minimum reported for C;gsHsss was most probably a
consequence of the intermixing of crystallization rates from
solution with the thickening rates.

The work of Ungar and Organl® was restricted to the
study of only a 3.85% solution of CigsHags. It was
speculated, however, that the nucleation rate of extended
chain crystals will increase with decreasing polymer
concentration. The argument was then made that de-
creasing the polymer concentration will “dilute” the
poisoning effect on the extended crystals and thus favor
their formation and growth. The results of the crystal-
lization rate of CigsHgzss shown in Figure 3 make quite
clear that the rate of crystallization of extended crystals,
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Figure 4. Rate of crystallization versus temperature for CggHass
crystals formed from & 4 w/v % toluene solution. Open circles
represent data for once folded crystals. Closed circles are data
for extended crystals. The closed triangles are related to the
transformation from once folded to extended crystal.
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Figure 5. DSC exotherms of the crystallization of C24Hg; from
a 4 w/v % toluene solution. Numbers at the maximum of the
exotherm indicate the number of stems per chain molecule in the
crystallite; i.e., a twice folded chain crystal contains 3 stems.

as well as folded crystals, decreases rapidly with dilution.
These results are contrary to the one expected from a
poisoning effect.

Two exotherms were also found in the crystallization of
a 4% solution of CogHusz in toluene. Some typical
exotherms are shown in Figure 5 for the crystallization
temperature range 74.5-80 °C.%6 The numbers inserted
at the maximum of each exotherm represent the number
of stems per chain molecule in the crystallite. Thus, if
the molecule is folded once, the crystal will contain 2 stems
per molecule, 3 stems if it is folded twice, etc. It is
important that the exothermic peaks are assigned to a
given crystallite structure in order to properly analyze the
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Figure 6. DSC dissolution endotherms after crystallization of
a 4 w/v % solution of CayHyge at 77 °C for the indicated times.
The heating rate is also indicated.

crystallization rate of the form that initially develops from
the homogenous solution.

This assignment was made as follows. Single exothermic
peaks were observed at crystallization at 80 °C and above.
On heating these crystals, single dissolution peaks at 91
°C are observed over the complete crystallization interval.é
This temperature is very close to the calculated dissolution
temperature of a crystallite comprised of 120 carbon
atoms.® We can, therefore, associate the exotherms
obtained in this temperature range with the crystallization
of approximately once folded crystals. Thus, following
the above notation they are indicated by the symbol 2 in
Figure 5. Crystallization temperatures in the range 78.5-
76.5 °C give either one or two exothermic peaks. The
dissolution temperatures shown in the endotherms of
Figure 6 help assign each of the exothermic peaks observed
at 77 °Ctoagivenstructure. Twoendotherms are observed
at the early crystallization times. The endotherm with a
peak temperature of 82 °C is consistent with the dissolution
of approximately twice folded crystallites. This small
endothermic peak vanishes after crystallization of only
2.5 min, or after complete formation of the second
exotherm. At this point only the dissolution peak of the
approximately once folded crystallite is present. It was
concluded previously that at the very early times twice
folded crystals are formed and are transformed isother-
mally to once folded crystals. These are represented by
3 and 2 in Figure 5.8 The second exotherm is, therefore,
the result of this transformation. Because the transfor-
mation rate increases with increasing crystallization
temperature, the second exotherm appears at decreasing
times with increasing crystallization temperature. It
eventually overlaps the first exotherm. Thisis clearly the
case for the exotherms obtained at 77.3,77.9, and probably
78.5 °C. The transformation is also taking place during
the heating process; hence, the very small endotherms
found for the initially formed crystals and their rapid
disappearance (Figure 6).25 At the low isothermal crys-
tallization temperatures, T, < 75 °C, three times folded
crystals are initially formed and isothermally transform
to twice folded crystals. The assignment of the observed
exotherms with a given crystallite structure in this
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Figure 7. Rate of crystallization as a function of temperature
for CoioHyse crystals from a 4 w/v % solution in toluene. Open
circles are data for three times folded crystals and open squares
represent once folded crystals.

temperature range, as well as the isothermal transforma-
tion, was previously explained in detail in a discussion of
the thickening process.®

With the assignment of the exotherms of Figure 5 the
crystallization kinetics of the structures that are initially
formed from the solution can be analyzed. We have
indicated earlier that the character of the crystallization
rate of CigeHzss did not change if the maximum heat
outflow was taken as a measure of the rate of crystallization
rather than a small percentage (i.e., 10%) of the total
transformation. Based on these results, the inverse of the
time at which there is a maximum heat outflow was taken
as a measure of the crystallization rate. This quantity,
1/79.50, is plotted against the crystallization temperature
inFigure 7. Despite the complexity of the transformation
processes that take place during the isothermal crystal-
lization of this n-alkane from solution, two well-defined
regions can be distinguished. In both of these regions the
measured rates of crystallization are not affected by any
isothermal transformation. For crystallization temper-
atures below 76 °C, given by the open circles, the
exothermic peak of the approximately three times folded
crystals is well defined (see peak 4 in Figure 5) and
separated from the peak corresponding to the transfor-
mation to twice folded structures (peak 3 in Figure 5). In
the other crystallization range illustrated, between 79 and
81°C, only once folded crystals are formed from the original
solution. Therefore, in these two temperature ranges the
crystallization rate of the crystallites initially formed is
well established. Very similar negative temperature
coefficients of the crystallization rate, as manifested by
two parallel lines slightly displaced from one another, are
found in both temperature ranges. The interval between
these two regions, 76 < T, < 78.5 °C, represents the
temperature range where twice folded crystals (represented
by 3 in Figure 5) form from the original solution. However,
over most of this region the transformation to once folded
structures (2 in Figure 5) is very rapid. For temperatures
of 76.5 and 77 °C, the exotherm corresponding to the
formation of the twice folded crystals could be identified.
However, this peak overlaps the one that corresponds to
the isothermal transformation to the once folded structures
and could be influenced by the transformation. Therefore,
none of the points in the temperature interval 76 < T, <
78.5 °C are plotted in Figure 7. In this figure only the
rates of crystallization of the pure structures, which develop
from the original solution, are shown. It is clear that the
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Figure 8. Rate of crystallization as a function of temperature
for CyyHyss crystals from a 4 w/v % solution in toluene. The
following crystal structures are represented in this figure: (O)
three times folded crystals; (A) twice folded crystals (see text);
(D) once folded crystals; (@) transformation from three times to
twice folded crystals; (A) transformation from twice to once folded
crystal s; (A) twice folded crystals which transform very rapidly
to once folded crystals.

temperature coefficients, which are directly related to the
nucleation rates, are the same for the formation of either
twice or once folded crystallites.

In Figure 8, the quantity 1/750 is plotted against the
temperature using all of the exothermic data, i.e., the rate
of formation of the initial structures as well as the rate of
their transformation. In this figure the data points of
Figure 7 are replotted using the same symbols: the closed
circles represent the transformation from three times to
twice folded crystallites, the closed triangles the trans-
formation from twice to once folded crystals, and the open
triangles represent the results at 76.5 and 77.0 °C that
were just discussed. For most temperatures in the
intermediate region, 76 < T, < 78.5 °C, the transformation
takes place simultaneously, or right after the growth of
the initial twice folded crystals. Separate exotherms are
not resolved. The evolution of the exotherms shown in
Figure 5 for T, of 77, 77.3, and 77.9 °C is an example of
this phenomenon and indicates the complication in
establishing an accurate value of the rate of crystallization
of twice folded crystals in this temperature range. These
points are indicated by half-closed triangles in Figure 8.
The data in Figure 8 indicate that the two points that can
be identified with the formation of twice folded crystals
must be influenced by the isothermal transformation since
they fall in the region characteristic of transformed
structures.

If the open triangles in Figure 8 are disregarded and we
only consider the remaining data, an inversion of the
crystallization rate with temperature will result, as is
indicated by the dashed curve. However, it can only be
obtained if the exotherms corresponding to the transfor-
mation of twice folded to once folded crystals are also
considered as data points. This, however, involves the
intermixing of two distinctly different types of rate
processes. As was pointed out, similar exotherms are in
fact found in the thermograms of the crystallization of
C168H338 from solution, as well as in CIQ2H38G;7 szH.;ag,s
and CysgHyp4?! crystallized from the melt. They do not,
however, represent the crystallization rate of the structure
that is formed from the original solution. The plots in
Figures 3 and 7 make quite clear that when the crystal-
lization rate of species that are formed initially can be
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reliably differentiated from the transformation (thicken-
ing) process, there is no minimum in the rate of crystal-
lization. Experimentally determined crystallization rates
usually serve as the fundamental basis for the further
development of theories that describe the nucleation and
growth processes involved in the crystallization. In the
n-alkane crystallization, therefore, the isothermal thick-
ening needs to be separated from the original crystalli-
zation. Unfortunately, these two processes are very often
either misinterpreted or cannot be separated from one
another. The problem is compounded further by the
complexities of the isothermal thickening process. This
difficulty has already been pointed out in a previous study
devoted to thickening® and is also found in the crystal-
lization of C1gsHags from solution.!®22 Based on the results
obtained here with C1ggHzsas and CagoH g2, we can conclude
that the folded crystals initially formed during the
crystallization of C1gsH3gz in the interval 78-81 °C?2 rapidly
transformed isothermally to extended crystals. In this
instance, the data reported by Organ et al.22 in this
temperature interval would need to be modified to take
intoaccount therate of the initially formed folded crystals.
The inversion in this case would most probably vanish.

An inversion in the rate has also been reported for the
crystallization of CoysH g4 from the pure melt.%2® However,
thickening has also been shown to take place in the
temperature region where the growth rate of this alkane
decreases with decreasing temperature. For example, the
synchrotron experiments reported in ref 9 showed that
folded crystals of CoygHyg4 formed initially from the melt
and started to thicken isothermally after approximately
2.5 min of crystallization at 120.5 °C. According to the
growth rate/temperature data of the same n-alkane (see
Figure 4 of ref 23), this temperature is in the region where
aninversion of the growthrate was observed. The question
immediately arises as to which of the CgysHygy crystal
growth rates was followed. Either the initially formed
folded crystals or the isothermally thickened ones could
bestudied. Itisalsopossible thatthese rate measurements
were intermixed. Without a clear and careful delineation
between these possibilities, there is no meaningful way to
interpret the kinetic result.

Other examples of this type problem are found in the
crystallization behavior of some other polymers.24$2627 One
example is given in a study of the lamellar structure and
crystallization behavior of a variant of poly(ether ether
ketone), where some meta linkages are incorporated. It
was found that this polymer undergoes melting and
recrystallization in the same temperature region where
the crystallization rate shows a discontinuity.?6?” Instead
of the conventional inverted U-shape plot, the rate shows
a minimum at about 240 °C. Although no specific
information is given as to whether melting and recrys-
tallization are also occurring isothermally, this behavior
is very similar to that found in the n-alkanes.® At agiven
temperature, the thinner crystals (=30 A) that are initially
formed would melt and recrystallize into the more stable
thicker crystals (=55 A). In a similar manner to that
previously described, this process could enhance the overall
crystallization in the temperature range where thinner
crystals are initally formed.

Another example of an inversion in the growth rate was
reported for a methoxy-terminated poly(ethylene oxide)
sample having a molecular weight of 3000.2¢ The inversion
was reported in a temperature interval of less than 1 deg
and based on three data points. It was clearly pointed out
that a mixture of extended and once folded crystals is
observed in the temperature region where the inversion
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is reported (see p 325 of ref 24). The optical microscopic
technique that was used to measure the growth rate cannot
differentiate between the growth of the two structures.
The isothermal thickening, which is very rapid at these
temperatures, could easily influence the measured growth
rate, in complete analogy to the problems just described
for the n-alkanes.

The experimental results reported here demonstrate
quite definitively that no inversion in the crystallization
rate takes place for the two n-alkanes studied. Because
two different theoretical concepts have been advocated to
explain the unusual inversion of the rate of crystallization,
it is, therefore, important that we examine their basis.
One of these is the “poisoning” effect presented by Sadler
and collaborators.16:2629 Although a qualitative argument
can be made for this phenomenon to cause a minimum in
the crystallization rate,?-22 we have already pointed out
that the observed influence of polymer concentration on
the crystallization rate is just the opposite of that predicted.

The other theory, developed to explain the apparent
minimum in the crystallization rate, is based on a unique
version of nucleation theory.”!8 The essence of this theory
is the assumption that two types of nuclei can form; one
is an extended chain nucleus (but not the complete
molecule) and the other a once folded nucleus. The critical
size of a chain folded nucleus and its temperature
dependence are allowed to follow the dictates of classical
monomeric nucleation theory. On the other hand, the
critical size in the chain direction of the extended type
nuclei is assumed independent of the crystallization
temperature. Its rate of formation is governed by a
conventional Arrhenius type temperature-dependent pro-
cess. This development certainly represents a rather
unusual type nucleation theory. These ad hoc set of
assumptions of two different types of nuclei, each with a
different temperature rate of formation, will obviously
lead to a maximum in the nucleation rate and thus the
crystallization rate. The unusual efforts that were made
to adjust nucleation theory to explain a maximum in the
rate were obviously unnecessary. Asexplained above, the
rate does not show an extremal. Furthermore, it was
assumed that for crystallization temperatures at the left
side of the maximum in the crystallization of CasgHysg,!718
extended crystals were nucleated from the original melt.
However, as we have indicated, once folded crystals are
initially formed from the original melt in this temperature
range.>? The application of this nucleation theory to
explain an inversion of the crystallization rate of extended
chain crystals in a temperature region where it has been
shown experimentally that they are not formed from the
original state is, obviously, questionable. In fact, other
analyses have demonstrated that the adaption of classical
nucleation theory to chains of finite length explains in a
natural manner the formation of extended and folded
crystals and the thickening and thinning observed during
crystal growth,71430

B. Crystallization from Pure Melt. The crystalli-
zation rates from the melt of the long-chain n-alkanes
have also been studied. Although the crystallization
kinetics of C19oH3gs have already been reported,’ the results
for this n-alkane will be included here to allow for a more
detailed analysis and comparison with those of CiggHaas
and CosHyez. The rate of crystallization, taken as the
inverse of the time needed to obtain 5% of crystallinity,
is plotted as a function of the crystallization temperature
in Figure 9. The curves describing each of the alkanes are
very similar to one another but are displaced along the
time and temperature axes. They all show a very strong
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Figure 9. Rate of crystallization as a function of temperature
for the indicated n-alkanes crystallized isothermally from the
pure melt. Open symbols represent the formation of once folded
crystals. Closed symbols are data for extended crystals. Half-
closed symbols represent the experimental values which may be
affected by arapid transformation from once folded to extended
crystals.

negative temperature coefficient indicative of a nucleation-
controlled process. The kinetics of CoyoHggz were not
followed at higher crystallization temperatures because
of sample degradation and minimal sample supply. The
rate of crystallization decreases with increasing temper-
ature and shows a discontinuity in each of the curves.
These occur at 117.3, 118.3, and 121 °C for Cig9oHasg,
CiesHaas, and CggoHysz, respectively. Similar discontinu-
ities have been observed in low molecular weight fractions
of poly(ethylene adipate),3! poly(ethylene oxide),243233
isotactic polypropylene,3 and linear polyethylene.39:35
Thus, they appear to be characteristic of the crystallization
of low molecular weight chain molecules. The CigsHzas
and Ca4Hysz samples crystallize at the same rate in the
temperature interval 117-121 °C and crystallize faster than
CiooHass. However, for crystallization temperatures great-
er than 121 °C, CigsHasg crystallizes slower, at the same
temperature, than the other two alkanes. No inversion is
observed in the crystallization kinetics of any of these
alkanes. These features of the crystallization kinetics will
be clarified in the subsequent analysis of the data where
nucleation theory appropriate to chains of finite length is
applied. .

Before analyzing the data in terms of nucleation theory,
it is important to establish the temperature regions of
crystallization where the structure that initially crystallizes
from the melt is well defined. Aswas discussed previously,
it is important that complications caused by the trans-
formation from one structure to another be avoided in
this type of analysis. Following the distinction made in
Figure 3 between folded and extended crystals, the
crystallization rates of folded structures in the temperature
interval where the thickening process does not interfere
with the rate measurement are represented by open
symbolsin Figure 9. The crystallization rates of extended
structures, formed from the initial melt, are represented
by closed symbols. The temperature interval where the
measurement of the rate may be affected by the trans-
formation is represented by the half-closed symbols. The
thickening process of C;92Hssg crystals formed from the
melt has not been explicitly described.” However, in
analogy to the interpretation given to Figure 1 of this work,
the two exotherms shown at T, = 115-117 °C in ref 7 are
clear indications of a transformation. Itis estimated that
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at slightly higher crystallization temperatures the thick-
ening process is too fast to manifest as two distinct
exothermic peaks. In this case the measured rate could
not be assigned to a definite structure of the crystallite.

It is also possible that the crystallization of CgsHass at
117.3 and 118.3 °C could be initiated by folded crystals
that transform rapidly to extended and, therefore, these
points are also indicated by half-closed triangles in Figure
9. The break observed in this narrow temperature range
is similar to the break observed in C;g9.Hsgs and CaqoHsz
where the rate measurement is affected by the thickening
process. Attempts to follow the possible thickening by
looking at the exo- or endotherms of the crystallization of
CiesHazgat 117.3 or 118.3 °C were unsuccessful. However,
the process could be very fast and may not be separated
into two peaks in the experiments.

Each of the curves in Figure 9 shows a temperature
interval where the crystallization rate does not change
very much with temperature: for example, the interval
between 121 and 122.5 °C for CasHyso, between 117 and
120 °C for 0192H386, and around 118 °C for 0163H333. This
is the temperature interval with most, but not all, of the
half-closed symbols. Itthereforeindicates thatthe plateau
shown by the rate/ T curves of low molecular weight species
needs to be, at least partially, associated to the temperature
interval where the transformation of folded to extended
crystals is very rapid. In this interval, two competing
effects, the decrease of the crystallization rate and the
increase of the transformation rate with increasing tem-
perature, are in line with the plateau observed.

II. Temperature Coefficient of the Crystallization
Process. The very marked negative temperature coef-
ficient that is observed in Figures 3, 7, and 9 strongly
suggests a nucleation-controlled crystallization process.
In analyzing the problem, we adapt the very general
formulation given by Turnbull and Fischer® for the steady-
state nucleation rate. Accordingly, the steady-state nu-
cleation rate N can be expressed as

-E - AG*)
—RT 08)

for all classes of molecular substances and all nuclei types
and shapes. Here Ny is a constant, slightly dependent on
the temperature; Ep and AG* are the free energy for
transport across the liquid-crystal interphase and the free
energy required to form a nucleus of critical size, respec-
tively. The temperature range over which the crystalli-
zation rate of the n-alkane can be studied is restricted to
aninterval in the vicinity of the true melting temperature.
Therefore, the transport term remains essentially constant
in these experiments. The free energy change required to
form a critical size nucleus controls the nucleation and
thus the crystallization rate.

In formulating an expression for AG*, cognizance must
be taken of a fundamental difference between mono-
meric species and chain molecules of finite molecular
weight.”1437-8 In the former case a complete molecule
participates in the nucleus and one arrives at the classical
result for AG*. For a chain molecule, beyond a small
number of repeating units, only a portion of the molecule
participates in the formation of a nucleus. Thisdistinction
must be taken into account in calculating AG*. The
expression for AG* for chains of finite length has been
given3788 and specifically applied to the n-alkanes.”14 The
analysis can be applied equally well to any type of
nucleation process. We take as an example the formation
of a coherent Gibbs type two-dimensional nucleus as the
controlling nucleation process.® This type of nucleus has

N=N, exp(
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been commonly adapted for the crystallization of polymeric
chain-like molecules. The nucleus has two different
surfaces that are represented by interfacial free energies
oy and o, as the lateral and end surfaces, respectively. For
the crystallization from the bulk AG* can be expressed
a3

20,[ 20, RTIn(FEE0 |

aG,-BL
X

AGH =

=20,8* (2

and for crystallization from solution as*0

2%[2% -RTInv,-RT ln(x_"_gxi"'_l)]

o

AG* = = 20,4+

2

3

Here £* is the number of repeating units along a chain,
which is comprised of x units, that are required for the
formation of a critical size nucleus. v; is the effective
polymer volume fraction, V, and V; are the specific
volumes of the repeating unit and solvent, respectively,
and x; is the polymer—solvent interaction parameter. The
quantity AG, is the free energy of fusion per repeating
unit of the infinite chain. In the pure state

CAH(T,)-T
u" Tmo

and in the polymer-solvent system

AG 4@

V.
AG, = AG,-RT{A-vy) - x(1-0)% ()
1

where Tp,° is the equilibrium melting temperature of the
infinite size chain. The equilibrium melting temperature
characteristic of the real, finite length chain, Ty, is not
directly involved in specifying the critical nucleus dimen-
sions. The reasons for this have already been discussed
in detail#3038 and need not be repeated here. When
conventional procedures, using Ty, are used, the error
involved can be significant for small values of x. They
obviously will decrease at higher molecular weights. In
the expressions for AG* (eq 2 or 3) the value of o, needs
to be known. Therefore, a comparison of theory with
experiment cannot be made without an a priori assumption
of the value of ¢.. Reasonable limits can now be set for
this parameter and the data can be analyzed for a set of
values for g, However, it has been shown that the same
kind of results are obtained irrespective of the value taken
for o, if it is in the acceptable range.4!

The experimental rates of crystallization of the n-alkanes
from the melt are plotted in Figure 10 according to eqs 1
and 2. We have thus made the tacit assumption that the
crystallization rate can be identified with the nucleation
rate. In the interval of chain length of interest, the
interfacial free energies of the mature crystals were found
toincrease slightly with chain carbon number.5 Assuming
the same values for the interfacial free energy of the nucleus
as for the mature crystals, reasonable values for ¢, are
2000 cal/mol for Ci6eHzas, 2300 cal/mol for Ci93Hsgg, and
2500 cal/mol for CgqoHss2,° which have been used to
calculate AG* according to eq 2. The equilibrium melting
temperature of the infinite polyethylene chain was taken
as 145.5 °C and AH, = 950 cal/mol.#2 The same symbols
used in Figure 9 are also used in Figure 10. Thus, the
half-closed symbols represent the data with some exper-
imental uncertainty as it was previously discussed. The

Macromolecules, Vol. 27, No. 1, 1994

T T T T T T T T

A A CiggMase
i 00 8 CigHagg  —
B O W CooHesz

log (17 Tges) (minT)

AG” 1
— (1 2
(zo0) (77) x 10
Figure 10. Plot of log (crystallization rate) against nucleation

temperature function for coherent surface nucleation from eq 2
for the n-alkanes indicated. Symbols as in Figure 9.

Table 1. Compilation of Slopes from Figure 10

n-alkane St Sn Sm Sn/ Sy St/Sm
CresHzas -170 -35 0.21

Ci92Hsse -170 ~-30 -170 0.18 0.18
CasoHusz -30 -170 0.18

data for the three n-alkanes studies are well represented
by sets of intersecting straight lines when analyzed in the
manner described. A compilation of the slopes of the
straight lines is given in Table 1. The high-temperature
region, where extended crystals are formed, is termed
region I and the slope described as S;. In analogy, the
low-temperature region is termed region III and the
intermediate, region II. We note from Figure 10 that
enough data points are available to clearly demarcate these
three regions for CigoHsge. The data for CigoHgge are,
therefore, represented by aset of three interseeting straight
lines. The slopes in the high and low crystallization
temperature regions (regions I and III, respectively) are
thesame. Sinceextended crystallites are formed in region
I and folded crystallites are formed in region III, the fact
that the slopes are the same is indicative that an identical
free energy of formation of the initial nucleus is involved
irrespective of the eventual crystallite structure that
develops from it. This implies the same nucleus structure
in both cases.

The data available for Ca40Hysz can be represented by
two straight lines. Their slopes are the same as those for
Ci9oHsgs in the low and intermediate crystallization
temperature regions. If we consider aslightly higher value
of o, for CogoHyso, the data represented by the squares in
Figure 10 will be shifted to the right. However, the value
of the slopes will be maintained. As was indicated
previously, it was not possible to obtain data at higher
crystallization temperatures because of degradation. Nev-
ertheless, we can reasonably expect that higher T’s for
CosoHagz lead to a temperature coefficient similar to the
one found for Cyg9oH3gs in this temperature range. The
results obtained for CjgsHasz in the high-temperature
region (filled triangles) support this expectation. The
value of the slope in this region (-170) is identical to that
obtained in the high-temperature region of C;9oHggs, and
in both regions extended crystals are formed. The slope
characterizing the temperature coefficient of the crystal-
lization of extended crystals is the same for C;gsHsgs and
Ci92H3ss, indicating an identical mechanism of formation
of both forms irrespective of the structural form that
eventually evolves from the initiating nucleus, and is also
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independent of the particular alkane. It is not correct to
a priori assume a particular nucleus structure to account
for the structural form that is eventually observed,15:43
There is no scientific principle that requires the nucleus
and the mature crystallite to have the same structure. It
has already been pointed out and discussed in some detail
how the different extended or folded forms are evolve from
the same type of nucleus.!4 This theoretical development
is consistent with the present results. Moreover, it can
also explain the thickening or thinning of the crystallite,
depending on the temperature, as the crystallization
proceeds. The same type of nucleus is formed over the
complete temperature range. Its size is determined by
straightforward nucleation theory. In the plots of Figure
10, there is an intermediate region of a reduced sope with
the same value for the three n-alkanes studied (see Table
1). As indicated by the half-closed symbols, some of the
points in the region represent crystallization temperatures
where, although folded crystals initially form, they are
rapidly transformed to extended crystals. The set of
intersecting straight lines found for each of the n-
alkanes in Figure 10is reminiscent and suggestive of regime
type transitions found in higher molecular weight
polyethylenesi4 as well as other polymers.#’48 In
polymer crystallization the regimes are labeled L, II, and
I1l in descending order of the crystallization temperature
region in which they are found. Characteristically the
temperature coefficients of regimes I and III are expected
to be the same. This expectation is found for the
polyethylenes®46 without the need tointroduce a transport
term. The values listed in Table 1 indicate that the same
results are found here for the n-alkanes. The identity of
the temperature coefficients can be explained on the same
basis as the polyethylenes, despite the fact that the
crystallite structures are different. It isclear that we must
have some connection between the two regions, or regimes
I and III, in the alkanes even if the thickening transfor-
mation did not take place. It is tempting to assign the
region with lower slope to regime I and its polynucleation
character. In thisregion nuclei are allowed to form before
the previous layer is completed. In the simplest analysis
this leads to a theoretical ratio of 0.5 between the slopes
of regimes Il and I. However, for linear polyethylene this
ratio was found to decrease with molecular weight and
approached a value of 0.2 for low molecular weight
fractions.3® The ratio found here for the n-alkanes, 0.21-
0.18 (see Table 1), is very similar to the value for the low
molecular weight polymers. This result could be a natural
consequence of the molecular weight dependence on the
ratio. However, this conclusion has to be tempered by the
complication introduced by the structural transformation
that takes place during crystallization. Despite this
uncertainty some conclusions can be reached with respect
tothe intermediate temperature region. One is that there
must be a connection between the two regions where the
rates of formation of only the pure forms were measured.
Since the temperature dependence of the nucleation rates
of the initial structures is identical, the same mechanism
of formation, or minor variant thereof, must be operative.
This leads tothe conclusion that this region must be regime
II. Preliminary results of the crystallization rates, from
the melt, of low molecular weight fractions of polyethylene
and poly(ethylene oxide) show striking analogies. The
data and analysis will be presented in a forthcoming
publication.#?

Crystallization from Solution. The crystallization
rates of CiggHsss and CogHygs from a 4% solution are
plotted according to eqs 1 and 3 in Figure 11. Only the
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Figure 11. Plot of In(crystallization rate) against nucleation
temperature function for coherent surface nucleation from eq 3.
Open and closed symbols represent folded and extended crystals,

respectively. (O,®) data for CygsHasg from solution; (A,0) data
for CaHags from solution. Concentration is 4 w/v % in toluene.

data for the structures that were initially formed in the
original solution are utilized. Thus, for C,ggHz3s the rates
of crystallization of nearly once folded crystallites (rep-
resented by open circles) and extended (closed circles)
crystals are given in the figure. Similarly, the data for
three times folded CayoHygp crystallites (open triangles)
and once folded ones (open squares) are also included. To
compare both systems, the time corresponding to the
maximum of the exothermic peak was taken as the
measurement of the rate. A value of ¢, = 2000 cal/mol
(73.5 erg/cm?) was used in the analysis of both systems.
vg was taken as the nominal concentration for both alkanes
(4 w/v %) although the use of slightly higher or lower
values does not change appreciably the slopes of Figure
11, Striking similarities are found in the slope of the
crystallization rate data corresponding to all of the folded
forms (open symbols). Thus, three, parallel straight lines,
which are only slighly displaced from one another, can be
drawn through the data and thus reflect almost identical
temperature coefficients. This result indicates that the
same type of nucleation process is involved irrespective of
the different kinds of crystallites (close to three times or
once folded) that are developed.

The interpretation of the data that correspond to the
initial formation of extended C;gsHaag crystallites (closed
circles) is more complex. There are two ways of repre-
senting the data as is indicated by the solid and dashed
lines in Figure 11. A line parallel to those of the folded
crystals can be drawn through the three data points
obtained at the highest temperatures. This would be
consistent with the analyses of the melt-crystallized
system. Thisdescription ofthe dataleavesanintermediate
temperature region, indicated by the dashed line, where
the rate decreases very rapidly with temperature. The
experimental point obtained at the highest crystallization
temperature with Co40H 435 seems to indicate a similar rapid
decrease of the rate with increasing temperature. However,
this representation can not be interpreted according to
conventional regime theory. The ratio of the slopes in
this case will be inverted. An alternate procedure is to
neglect the data points obtained at the three highest
crystallization temperatures of CigsHass and only consider
the two intersecting straight lines (as drawn in the figure
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by solid lines). These three data points have the highest
experimental uncertainty. Inthiscase,the changeinslope
can be related to a regime I to II transition in analogy to
the results obtained for the rates of C16sHzss from the melt
(see Figure 10) and a more consistent interpretation is
obtained. Tosolve this problem larger amounts of sample
for several different n-alkanes are needed. The availability
of such materials will allow for more detailed experimental
data and hence to a more precise interpretation of the
kinetics of the extended structures from solution.

Conclusions

The crystallization rates of the n-alkanes CigsHass,
C1goH3gs, and CoggHygs crystallized from either solution or
the melt decrease rapidly with increasing temperature and
show a discontinuity in the temperature interval where a
specific type of folded structure is no longer formed from
the original melt or solution. Folded crystallites thicken
isothermally, through a melt-recrystallization process,® to
thermodynamically morestable structures, which are other
folded or extended ones. Because the rate of thickening
increases rapidly with increasing crystallization temper-
ature, the thickening process interferes with the mea-
surement of the crystallization rate of folded crystals that
are initially formed at high temperatures. If a clear
distinction is not made between the crystals formed from
the initial state and those transformed, the results could
show an inversion in the rate of crystallization.2!:22
However, when the study of the crystallization rate is
directed only to the crystallites that are formed directly
from the original disordered state, no inversion of the
crystallization rate has been observed. In solution, the
crystallization rate of either the folded or extended
structures decreases with decreasing concentration. More-
over, the temperature variation is similar and shows a
break at the transition of folded to extended crystals
formed from the original solution.

Curves that describe the crystallization rate vs tem-
perature of n-alkanes can be divided into three main
regions: a first low-temperature region where folded
structures are formed from the melt and where the
thickening process is slow and does not affect the mea-
surement of the rate of crystallization, an intermediate
temperature region in which the isothermal thickening
rate is very rapid and the measurement of the crystalli-
zation rate of the folded crystals will be affected in part
by the transformation, and a third temperature interval
in which folded structures are no longer formed and,
therefore, the crystallization rate of extended crystallites
is well defined. The nucleation process is the same
irrespective of whether folded or extended structures are
formed initially. The general characteristics of the crys-
tallization kinetics of the high molecular weight n-alkanes
are very similar to those of other low molecular weight
chain molecules.
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