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Conclusion

The perturbing influence of solvent (or probe) on the
value of the polymer—polymer interaction parameter (x),
and the differences in x values obtained by means of
different experimental techniques, can be effectively
minimized using the method of calculation of x here
proposed, which is based on equation-of-state ternary
theory. This conclusion holds for the typical polymer pair
here studied but should be extended to other systems
(especially those having larger free-volume differences).
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ABSTRACT: The fusion process and the crystallization kinetics from the pure melt of the n-alkane C;g;Hggg
have been studied. Several fundamental features of these processes have emerged. At room temperature
the compound is completely crystalline, consistent with the formation of molecular crystals, while premelting
is observed at elevated temperatures. A theoretical basis is presented for the premelting. The possibility
of premelting in the other r-alkanes suggests the need to reexamine the analysis of the melting tempera-
ture—composition relations for such species. The crystallization kinetics from the pure melt obey classical
theory. The temperature coefficient of the crystallization process indicates that it is nucleation controlled
and follows the theory developed for chains of finite molecular weight. Analysis of this kinetic data allows
for a connection to be made between the crystallization of low and high molecular weight chains.

Introduction

The recent synthesis of very high molecular weight n-
alkanes!™ has provided a set of model compounds whose
study will allow for a further understanding of the fu-
sion—crystallization process in general and that of polymers
in particular. Studies with these compounds can serve as

a bridge to the crystallization behavior of polymers by
comparing the characteristics of these n-alkanes with low
molecular weight linear polyethylene fractions crystallized
from either the bulk or from dilute solution.*® Compa-
rable molecular weights from both classes of compounds
are now available. The very close connection between the
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two types can be seen in the fact that the molecular weight
at which folding occurs, for crystallization from either the
bulk or dilute solution, is the same for the n-alkanes and
the fractions of linear polyethylene.*"?

Analysis and study of the high molecular weight n-al-
kanes concerned with nucleation theory,»!! morpholo-
gy,1012-14 and crystallization kinetics!® have recently ap-
peared. The major emphasis in much of these works has
been an effort to elucidate the nature of the interfacial
structure and to establish the relationship between the
crystallite thickness and the extended molecular length.

In the present work, involving studies with dononacon-
tahectane, C,g,Haqq, we focus our attention instead on the
fusion process and the crystallization kinetics from the
pure melt. An understanding of these two fundamental
processes should provide the proper framework for the
investigation of other factors such as morphological fea-
tures, the interfacial structure, and the relative crystallite
thickness. These latter properties, albeit very important
ones, will not be directly addressed in the present work.
We will direct our attention to the two basic phenomena
stated above.

Experimental Section

Thermal analysis experiments were performed using a Per-
kin-Elmer differential scanning calorimeter (DSC-4). Sample sizes
were of the order of 1 mg, and a series of heating rates from 0.2-10
°C/min were employed. Isothermal crystallizations were per-
formed directly in the calorimeter by first melting the samples
at 130 °C for several minutes and then rapidly cooling to the
desired crystallization temperature. Static calibration of the
crystallization temperatures was performed by melting an Indium
standard at 0.5 °C/min. The observed melting peaks were further
corrected by heating rate studies as described in the Results and
Discussion.

The crystallization kinetic data were obtained by utilizing one
of two procedures. In one method the exothermic peak was
recorded while the sample was maintained at the isothermal
temperature. This peak was then integrated to various crys-
tallization times. In the other method the samples were heated
subsequent to isothermal crystallization for a fixed time. The
area of the resulting endothermic melting peak was then used to
determine the amount of crystallinity that had developed.

The purity of the dononacontahectane used here is very im-
portant in assessing the experimental results. The basic method
that was used to synthesize the higher molecular weight n-alkanes
has been previously described.>!® The synthetic strategy that was
used is based on the oxidative oligomerization of an a,w-di-
ethynylalkane with 24 carbon atoms. The oligomers of general
formula I were then hydrogenated as described previously over
a Pd/C catalyst to yield the desired n-alkanes.’® The major

HCE=C(CH,)20C==C—C==C(CHy)ooC==CH
I

impurities that could effect the crystallization and melting be-
havior of the n-alkanes could be of the following origin: (a)
presence of oligomers with larger or smaller chain length; (b)
presence of cyclic products; (¢) structural irregularities; (d) added
impurities.

Since the different oligomers of the polymer homologous series
I differ sufficiently in size and adsorptivity from each other, they
can be easily separated by column chromatography as previously
described, giving pure fractions of individual oligomers terminated
by acetylene groups.

The purity of the fractions was checked by HPLC in each case.
The separation of the intermediate oligodiynes was carried out
by HPLC on a preparative scale using a Bischoff column (length
25 cm, diameter 4 cm) filled with silica gel Liquosorb Si 1000
(particle size 5 um). The mixture was chromatographed after
dissolving in a mixture of cyclohexane with 3.5-5% 1,4-di-
chlorobutane with a pressure of 60 bar and a flow of 15 mL/min
at 50 °C. The appearance of the individual oligomers was
monitored by UV detection (A = 240 nm). Purity with regard
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Figure 1. Differential scanning calorimetric thermogram for
C19oH3gs isothermally crystallized at 117.5 °C.

to chain length distribution depends then entirely on the purity
of the starting 1,3-tetracosadiyne, which was checked by NMR
spectroscopy. No shorter or longer chain length material was
present in this substrate. Hydrogenation of I will not change the
chain length, and thus the n-alkanes derived from I must have
the same number of C atoms as the starting material.
Oxidative oligomerization of oligomers I leads to formation of
cyclic oligomers as byproducts as described previously.?1¢ The
cyclic products of structure II differ in their elution behavior from

I——-—CECC—EC(CHZ)N—/]
[C(CHy)fC=C—C=C]5

II

the linear products I and can be easily identified in either con-
ventional column chromatography (Al,O4/cyclohexane) or GPC.18
During the purification of the linear oligomers by chromatography
the cyclic byproducts were fractionated off. Furthermore, in a
separate set of experiments it was proven that cyclic n-alkanes
and linear n-alkanes do not cocrystallize. Since all n-alkanes were
recrystallized several times, in order to remove the last traces of
catalyst of the hydrogenation, cyclic impurities are not expected
to be present.

The hydrogenation of terminal and interior acetylene groups
was proven to be quantitative by the total disappearance of the
IR and Raman bands of these groups. Moreover, the IR and
Raman spectra of the oligomer n-alkanes contained all bands
known to belong to linear n-alkanes and no extra bands.®!? Thus
all bands could be unambiguously identified. Thus structural
irregularites cannot be present within the detection limit of IR
spectroscopy. This statement is particularly important with regard
to the possible presence of multiple bonds from incomplete hy-
drogenation. The presence of such defects would have been
detected with great sensitivity by IR spectroscopy. The spectra
of our n-alkanes published elsewhere!®!? do not show such features.

Solvents used to recrystallize the n-alkanes (petroleum ether
of bp 80-100 °C, o-xylene) can always be a source of unspecific
added impurities. Rigorous drying of the material in vacuo until
constant weight is reached was helpful to establish the purity.
Furthermore, IR spectra (KBr disks) did not show the presence
of o-xylene when the latter was used as solvent for recrystallization.
About 20 mg of dononacontahectane was available for this study.

Results and Discussion

Raman internal mode measurements!®20 of C,5,2H 45
samples, which have either been isothermally crystallized
or slowly cooled from the pure melt to room temperature,
show that they are completely crystalline.2? The spectra
were similar to those obtained for low molecular weight
n-alkanes.!®1% Typical results, for a sample crystallized
at 114.8 °C for 30 min, are the percent crystalline «, = 100
+ 5 and the percent liquidlike a, = 8 + 2. A DSC ther-
mogram obtained under conventional operating conditions
for a specimen isothermally crystallized at 117.5 °C is given
in Figure 1. A very sharp, well-defined endothermic peak,
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Figure 2. Differential scanning calorimetric thermogram for the

same sample as in Figure 1 obtained at higher instrument sen-

sitivity.

as would be expected for a pure compound, is observed.
From the area under the endothermic peak the enthalpy
of fusion AH is found to be 823 cal/mol. This value for
AH is unexpectedly low based on the expectations for the
data on lower molecular weight n-alkanes.?? For example,
AH for the relatively low molecular weight n-alkane C,3Hgg
is 800 cal/mol,?? almost the same as we have obtained for
Ci9oHggs: The Flory-Vrij theoretical analysis? fo the n-
alkane molecular crystals yields an expected value of 940
cal/mol for this compound. Thus, on the basis of the
enthalpy of fusion measurements, this high molecular
weight n-alkane does not appear to be completely crys-
talline. There is about a 15% deficiency in the number
of ordered chain units. On the other hand, the Ramam
internal mode analysis gives a completely crystalline sys-
tem at room temperature. There is then a dilemma in
these results that needs to be resolved.

A resolution to this problem can be seen from the DSC
thermogram carried out at much higher sensitivity than
was used to determine the endotherm in Figure 1. In
Figure 2, for the same sample, under the specified con-
ditions, the onset of melting is clearly observed in the
vicinity of 90-100 °C. It is clear that some type of pre-
melting has taken place. With this particular experimental
technique and sensitivity premelting is observed at about
90 °C. It is possible that with other techniques and greater
sensitivity it would be detected at even lower temperatures.
The value of AH calculated from Figure 2 is 870 cal/mol.
This value represents a substantial increase from that
obtained from Figure 1. It is about 7% lower than ex-
pected theoretical value for a molecular crystal of this
chain length. Thus the apparent dilemma between the
Raman internal mode data and the enthalpy measurement
of Figure 1 is essentially resolved as a consequence of the
premelting. The type of premelting that is observed can
be given a theoretical basis as will be described below.
Moreover, the premelting observed in C,g,Hgq is not an
isolated phenomenon. Scrutiny of the literature indicates
that similar premelting has in fact been observed in other
n-hydrocarbons although not often recognized as such. We
summarize these observations in the following discussion.

Careful dilatometric studies of the fusion of the pure
n-alkanes, C,Hgy and Cy,H gy, have been reported.? The
melting temperatures of these two compounds are clearly
defined and can be determined very accurately. However,
the course of the fusion is different for the two compounds.
The CHy, melts according to theoretical expectations and
displays an almost classical first-order phase transition.
The fusion process is relatively sharp and takes place
within an interval of less than 0.25 °C. On the other hand,
the fusion of Cg H, g takes place over a broader tempera-

Melting and Crystallization of n-Alkane 4353

ture range. The onset of melting is observed at 110 °C,
and fusion is terminated at 114.5 °C in these dilatometric
studies. Premelting is thus observed even in a molecular
weight as low as CgyH ;g while CyHg, does not show any
evidence of premelting by this experimental technique.

Solid-state *C NMR studies have shown that, for the
n-alkane octahexacontahectane, C;gaHjas, in extended
crystalline form, considerable disordering of the end se-
quence is observed at a temperature well below melting.2
At 87 °C, about 40 °C below the melting temperature (the
only elevated temperature at which spectra were obtained),
significant conformational disorder is observed for the
terminal CH; groups and the adjacent « and 3 carbons.
Although the temperature for the onset of this confor-
mational disorder at the molecular ends was not deter-
mined, this observation demonstrates that premelting has
taken place well below the melting temperature. This type
of conformational disorder was also found in a low mo-
lecular weight unfractionated polyethylene as well as in
thee “rotator” phase of hexatriacontane.?’ It is thus not
a consequence of any structural impurity within the
CISBH338 Chain.

In a differential calorimetric study of n-hecatane,
Ci00H2q2, Hay reported a major endothermic peak with a
heat of fusion of 793 cal/mol.?6 This enthalpy value is
obviously quite low for this n-alkane. However, also de-
scribed in this report (without being illustrated) was a
“solid-phase transition” at 92 °C, which has 131 cal/mol
associated with it. The net enthalpy of fusion is a rea-
sonable value for this n-alkane, 22 and the lower transition
can be interpreted as a premelting phenomenon.

The possibility of premelting also exists during the
heating of the n-alkane CgyH,¢.?” Here no change in
crystal structure is observed nor does any solid-solid
transition take place through melting. However, an in-
crease in the long spacing is observed at 90 °C, which is
about 20 °C below the melting temperature of the sample.
This result could be attributed to premelting. Similarly,
the observed reversible change of the intensity of the
low-angle maxima in CgH ;9,2 can be assigned to a similar
cause.

Ungar and Keller'? have studied the crystallization from
the melt of the n-alkane C,,sH o, at elevated isothermal
conditions, using small-angle X-rays from a synchrotron
source. In order to conclude that a completely extended
crystalline form developed, it was necessary to assume that
there was a molecular tilt of 35°. If, however, the tilt was
in fact slightly less than 35°, then the smaller crystalline
thickness could be attributed to conformationally disor-
dered chain ends.

Thus, in addition to the results for C,g,Hggs there is other
direct, as well as indirect, experimental evidence that
premelting occurs in the n-alkanes and makes a substantial
contribution to the thermodynamic properties. In support
of this experimental evidence, a straightforward theoretical
basis for this type of premelting in chain molecules is found
in the work of Flory and Vrij.2® In this analysis the col-
lection of chains are taken to be absolutely uniform in
length; i.e., they are treated as an ideal monodisperse
system. The major portion of their work was concerned
with the analysis of fusion from an extreme state of perfect
crystalline order to a completely disordered melt. Thus
idealized molecular crystals were formed and maintained
during the fusion process. However, they also considered
the possibility that under favorable circumstances chains
with a large but finite number of carbon atoms could exist
in some intermediate state of order. They treated in detail
the specific situation where the molecular crystals could
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Figure 3. Plot, according to eq 1, of the premelting temperature
against interfacial free energy o,.

undergo partial melting, involving the disruption of the
planar array of the terminal methyl groups, as a prelude
to final melting. It is this type of partial melting that is
of concern here.

In this calculation m methylene units from the terminal
sequence of each molecule are melted. Thus n-m con-
secutive units from the center of the molecule occupy a
crystalline zone comprising similar sequences from
neighboring chains. In addition to the free energy of fusion
and the interfacial free energies involved, there is also a
combinatorial contribution that arises from the number
of locations within the molecule that exclude the terminal
units from the interior of the crystalline zone. With only
these very simple considerations the condition for partial
melting at temperature T was found to be given by the
inequality?®?

RT? (20, + AG,)
>1 4+ ——
o AHUAT} RT M
and the optimum extent of the premelting is given by
RT?
* -
m* + 1 AHAT (2)

In these equations AH, is the enthalpy of fusion per re-
peating unit, AT is T,° ~ T where T,° is the equilibrium
melting temperature of the infinite chain. From eq 1 the
temperature for the onset of premelting is predicted to
depend crucially on the relative values of the quantities
o, and AG,. The former is the interfacial free energy
associated with the boundary between the ordered and
disordered region in the premelted chain; AG, is the end-
group contribution to the free energy of fusion of the
molecular crystal, which can be looked on as the defect free
energy for the end-group layers destroyed by partial
melting. AG, can be obtained from analysis of the melting
of the n-hydrocarbon molecular crystals and is found to
be negative.?? In their analysis Flory and Vrij utilized the
best value for ¢, that was available at the time. This
corresponded to a value of between 4000 and 5000 cal/mol.
When this value was used, it was properly concluded that
a temperature very close to Tp,° would be required if
premelting were to precede final melting. This condition
would thus only be met for n >>> 100. However, when
the premelting temperature is plotted against o, as is
illustrated in Figure 3, it is found to be dependent on and
very sensitive to the magnitude selected for s,. For values
of ¢, = 3000 cal/mol premelting is predicted to occur very
close to Tp,,° (418.7 K) in accord with the conclusion of
Flory and Vrij. However, as o, decreases a precipitous drop
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Figure 4. Plot, according to eq 2, of the number of disordered
units m* as a function of temperature.

in the temperature for premelting is predicted. This
temperature can be significantly lower than the melting
temperature of an n-alkane, particularly for the higher
molecular weight homologues. Recent analyses of the
melting of equilibrium crystallites of low molecular weight
polyethylene fractions indicate values of o, that range from
1500 to 3000 cal/mol as the molecular weight increases
from 600 to 5000.5% For a molecular weight of 2700,
corresponding to C,gyHgse, a value of o, of 2000 is indicated.
This value for g, leads to a premelting temperature of 380
K relative to an observed melting temperature of 401 K
(see below). Thus the premelting that was observed in
Figure 2 is consistent with this analysis. The plot in Figure
3 further suggests that premelting should also occur in the
low molecular weight n-alkanes. For a g, value of 1500
cal/mol premelting is predicted to occur in the vicinity of
320 K. This temperature is well below the melting point
of many of the n-alkanes.

The premelting that is being discussed is clearly specific
to chain molecules. It is not among the types that have
been usually associated with such systems. This pre-
melting is not caused by an impurity, which reduces the
melting temperature and broadens the fusion range, irre-
spective of molecular structure, as a natural consequence
of thermodynamic arguments. It would take an extraor-
dinary impurity content to broaden the fusion range 30-40
°C as is observed here. Neither is this premelting a con-
sequence of chain motion in the crystals of low carbon
number n-alkanes, as has been discussed by Ubbelohde,*
Strobl and co-workers,3132 Takimizawa et al.,? and
Broadhurst® and which leads to a variety of solid—solid
transformations. Takimizawa et al.?’ have shown that
solid-solid transitions take place in the n-alkanes up to
CgoHyg0. However, at this carbon number and above,
solid-solid transitions are not observed.?"?® We are con-
cerned here with a n-alkane that is well above a carbon
number for a solid-solid transition. Thus, the premelting
that is observed here does not fall into the category of that
discussed for other n-alkane systems. It is, however,
consistent with the theoretical expectations.

From the analysis given we can also estimate the number
of end disordered units. A plot of m* against T, calculated
from eq 2, is given in Figure 4. Although the amount of
disorder predicted by this mechanism is very small at low
temperatures, only 1-3 units being involved, it increases
rather substantially starting at about 95 °C. At this tem-
perature m* is aboot 5 units but increases to about 20 units
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at 130 °C. For the n-alkane of interest in the present work
we thus find that a significant number of units from the
end of the molecule can be expected to be disordered.

The observed enthalpy of fusion AH of C,g,Hggs of the
major melting peak can be estimated from the expression®

(AH, - AC,AT)(192 - m*)  AH,

]

192 © 192

Here AC, is the specific heat difference between the liquid
and crystalline state and AH, is the enthalpy contribution
to the interfacial free energy. Taking AC, = 1 cal/mol
deg,?® AT = 17, m* = 15 units at 125 °C (just below the
melting temperature), and AH,, = 980 cal/mol,* eq 3 be-
comes

3)

192 “

The value expected for AH will thus depend on the value
of AH,. Flory and Vrij® deduced a value of 2150 cal/mol
for AH, from the analyses of the melting temperature of
the molecular crystals of the n-alkanes. For this value of
AH,, AH equals 876 cal/mol, which is slightly greater than
the observed value. However, the correct value for AH,
should not be identified with that corresponding to the
disruption of the end layers of the n-alkane. As the fusion
of still higher molecular weight n-alkanes is studied, a more
reliable value for AH, should be forthcoming and a more
direct comparison with eq 4 will be possible.

The experimental results with the n-alkane C,g,Hggq, as
well as results in the literature for other n-alkanes, give
a substantial body of evidence that partial melting, or
premelting, involving sequences of units from the ends of
the chain takes place prior to melting. The measured
enthalpy of fusion of C,goHgs is quantitatively consistent
with premelting and the unpairing of the end groups prior
to melting. Experimental results for a series of still higher
n-alkanes are needed for a more detailed and compre-
hensive analysis of premelting.

AH = 887 -

Melting Temperature

A reliable measure of the melting temperatures of the
higher molecular weight n-alkanes is important for general
theoretical concepts and for predicting melting tempera-
tures for similarly constituted polymers.2® Since only very
small amounts of these compounds are available, the
melting temperature determination is limited at present
to differential scanning calorimetric type measurements.
It has already been pointed out that the determination of
thermodynamically significant equilibrium melting tem-
peratures of polymers is not obvious by this method.35:%
The important problems of concern are the sample mass,
the heating rate,?® and the dependence of the observed
melting temperature on the crystallization conditions,
particularly the temperature.?’® It has been shown that
constant and thermodynamically meaningful melting
temperatures are obtained when sample masses of the
order of 1 mg or less are used.®

In order to determine the equilibrium melting temper-
ature, we have examined the influence of heating rate on
the observed melting temperature of C,g,Hgzgs A typical
set of results is given in Figure 5 for a sample crystallized
at 121 °C. We find a strong influence of the heating rate,
in the higher range, on the observed melting temperature.
However, at heating rates of 1 °C/min and less a constant
value of T, of 125.9 £ 0.1 is observed. Higher heating rates
give T, values, which are almost 2 deg higher. Interrupted
DSC scans,® which yield thermodynamically significant
melting temperatures, give a Ty, of 125.8 °C for CgyH s
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We can conclude, therefore, that heating rates of 1 °C/min
or less can give thermodynamically meaningful melting
temperatures.

An important question arises as to whether the observed
melting temperature depends on the crystallization tem-
perature for this high molecular weight n-alkane. This is
a well-known and very pronounced effect in the crystal-
lization and melting of polymers.®”® It is due primarily
to the change in crystallite thickness with crystallization
temperature. Since C;goHg3ss forms extended-chain type
crystallites over the range of isothermal crystallization
temperatures, it might be expected that there would be
no influence of the crystallization temperature on the
melting temperature. However, we have concluded that,
even at equilibrium, molecular crystals are not formed at
these temperatures. Therefore, the further possibility must
be considered that for kinetic reasons equilibrium crys-
tallites are not formed at the crystallization temperature.
Therefore, there is the distinct possibility that T, will
depend on the crystallization temperature, and this con-
cern must be addressed by appropriate experiments. The
results of such experiments are illustrated in Figure 6. In
this figure T, is plotted against the crystallization tem-
perature T, for two different heating rates. For both
heating rates we find a small but significant influence of
the crystallization temperature on the melting temperature
that is important in the thermodynamic analysis. The
underlying structural basis for this effect is not clear at
present. For C;g,Hgq; we conclude from these observations,
utilizing the 1 °C/min heating rate, that the equilibrium
melting temperature for C,g,Hggs is 127.5 °C.

We can now examine the equilibrium melting temper-
ature determined for C,g9Hggq in terms of theoretical ex-
pectations. In their analysis of the melting of end-paired
molecular crystals of the n-alkanes, Flory and Vrij®
pointed out that although the enthalpy of fusion can be
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considered to be a linear function of chain length the
corresponding linearity of the entropy of fusion is not valid.
Within this end-pairing model for crystals of the n-alkanes,
they properly calculated the melting temperature-molec-
ular weight relation for these compounds. On the basis
of the data then available for the n-alkanes and with the
tacit assumption that their melting represented the dis-
appearance of the end-paired species, an equilibrium
melting temperature of T,,,° = 145 &+ 1 °C was extrapolated
for the infinite molecular weight polyethylene. This con-
clusion rests crucially on the assumption that the reported
melting temperatures in the range Cy—C,o represented the
melting of crystals of completely planar zigzag extended
chains, i.e., molecular crystals. With this understanding
we can examine the results for C;goHggq in terms of this
theory. Utilizing the parameters appropriate for T,,° =
145.5 °C, Ty, for C,g,Hggs is found to be 129.5 °C. This
temperature is significantly higher than the value deter-
mined here.

We have reexamined the Flory-Vrij analysis but limited
the data base to n-alkanes less than Cy,. In this range the
effect of end disordering should be minimal but cannot be
completely ruled out. When the data base is narrowly
restricted in this manner, it is found that a wider range
of T,,,° values can satisfy the requirements of the Flory-
Vrij model and theory, In contrast, utilizing the complete
data set, up to Cygg, @ T,° value within 1 deg of 145.5 °C
was required for an adequate representation of the data.
This result indicates that with a restricted data base it is
not possible to obtain a reliable value for T,,° by the
Flory-Vrij analysis. Using the parameters appropriate to
an arbitrary value for T,,° of 144.5 °C, we find 127.5 °C
to be the calculated melting point of a molecular crystal
of Cig9Hggs, & result that is in apparent good agreement
with experiment. This agreement is obtained, however,
with the model of a molecular crystal being maintained
throughout the complete fusion range, i.e., premelting does
not occur. However, we have already established that
C,9oHggg, and presumably the higher n-alkanes, do in fact
display premelting. Thus, the experimentally determined
equilibrium melting temperature is not that required by
this aspect of the Flory—-Vrij theory. The melting tem-
perature should be higher than that of a molecular crystal
since the premelting enhances the thermodynamic stability
of the crystalline state.

The melting temperature of chain molecules which, have
undergone premelting prior to complete fusion, can also
be calculated from another theory given by Flory.*® When
applied to low molecular weight polyethylene fractions, the
results depend, as would be expected, on the quantity ¢,.5%
Since this quantity has been found to depend on molecular
weight a priori predictions cannot be made. However,
depending on the relative values of ¢, and AG,, the melting
of the end-disordered system could be greater than that
for the molecular crystal. This conclusion will also apply
to the n-alkanes. A more detailed analysis of such systems
will involve an investigation of premelting in the lower
molecular weight n-alkanes (C55~Cyo) and the determi-
nation of thermodynamically significant melting temper-
atures of the higher molecular weight homologues, which
are currently available.

Crystallization Kinetics

The crystallization kinetics from the pure melt were
studied utilizing the experimental methods described. The
endothermic experiments are most accurate and give the
detailed shape and major characteristics of the isotherms.
The time scale of these experiments is, however, limited
to 1 min or more. More rapid crystallization can be studied
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Figure 7. Plot of the degree of crystallinity 1 — A against log time

for crystallization from pure melt at indicated temperatures.

using exothermic methods. This method is not accurate
for quantifying details of the isotherm shape but is sat-
isfactory for low levels of crystallinity and in establishing
the time scale of the crystallization. Utilizing both tech-
niques, we have studied the temperature interval of
115-125 °C. This temperature range encompasses the time
for the first detection of crystallinity of about 0.25-200
min. This is essentially the isothermal temperature range
accessible to study by calorimetric methods for C;gyHzgs.
Low-frequency Raman acoustical mode (LAM) experi-
ments indicate that extended-chain crystallites are formed
at the completion of crystallization at all temperatures in
the range studied here.?!

In Figure 7 we have plotted the degree of crystallinity,
1 -\, as a function of log time.#! The data in Figure 7 yield
classical Avrami type isotherms typical of the crystalliza-
tion of monomeric substances as well as long chain mole-
cules.*% Typically, within the experimental error, a set
of superposable isotherms along the log time axis is ob-
served. A very strong negative temperature coefficient is
observed, suggestive and typical of a nucleation-controlled
process.**# For only a 7 deg change in temperature, there
is a 4 order of magnitude change in the time for the ob-
servation of the onset of crystallinity.

The Avrami equation can be written in its most general
form as

1-A() =1 - exp(-kt") )

which reduces to the free growth, Goler-Sachs expression,
at low values of 1 — A(£).#64" In this equation the nucleation
and growth parameters are embodied in the constant n.
The parameter & reflects the geometry of the growth and
the type of nucleation process that is involved.43#5 Ac-
cordingly, from eq 5 a double logarithmic plot of the ex-
perimental data should yield a set of straight lines, with
slope n, over the temperature range studied. Such a plot
is given in Figure 8 for the data taken from Figure 7. We
find that the Avrami relation is followed for about 50-60%
of the transformation. This is typical of the results found
for low molecular weight polyethylene fractions**? where
the Avrami relation is also followed for a relatively high
extent of the transformation. A set of parallel straight lines
result when the kinetic data are plotted in the indicated
manner. The slopes of the straight lines are found to be
4.0 = 0.2. Previous studies with low molecular weight
polyethylene fractions, M = 4200 and M = 5800, also gave
a slope of 4 for data analyzed in this manner.*> Thus, the
overall crystallization kinetics of the n-alkane C,g,Hjq; from
the pure melt are very similar to, if not identical with, that
of low molecular weight polyethylene fractions of compa-
rable chain length. In a strictly formal sense, the exponent
n can be taken to represent a homogeneous, or pseudo-
homogeneous, nucleation process followed by three-di-
mensional growth.4
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Figure 9. Isothermal crystallization experiments utilizing the
exothermic method: (a) at 117 °C; (b) at 116 °C; (¢) at 115 °C.

The exothermic type of isothermal crystallization ex-
periment allows us to reduce the time scale of the crys-
tallization studies at the expense of the detailed isotherm
shape. We give examples of the isothermal exothermic
results in parts a—c of Figure 9 for crystallization tem-
peratures of 117, 116, and 115 °C, respectively. For
crystallization at 117 °C, Figure 9a, only one exothermic
peak is observed. On the basis of a similar study with
Cy4H 94, which was accompanied by SAXS identification,'?
this exothermic peak can be attributed to the extended
crystallite form. For crystallization at 116 °C, Figure 9b,
two exothermic peaks are observed. The one observed at
about 0.50 min is assigned to a nonintegral, nonextended
form.!?2 It then develops into the extended form, which
manifests itself by the major exotherm, observed at 0.89
min. The exotherm for crystallization at 115 °C, Figure
9¢, indicates a major peak at 0.21 min with the beginning
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Figure 10. Crystallization rate as a function of temperature for
CigoHsge. Plot of log (1/7y45) against temperature. 745 is the time
necessary for 5% crystallinity to develop.

of a new exotherm developing at about 0.75 min. At longer
crystallization times the extended form develops com-
pletely under these conditions. These results for the rapid
isothermal crystallization are comparable to those reported
for CgHys and can be interpreted in a very similar
manner. Analyses of the Raman internal modes and the
longitudinal acoustical modes (LAM) of C,goHzg at room
temperature indicate essentially complete crystallinity and
the formation of extended crystallite lengths. Ungar and
Keller?® have reported a DSC cooling scan (at 40 °C/min)
where a small exothermic peak at about 118 °C, attributed
to the extended form, is observed followed, at slightly lower
temperatures, by a large peak attributed to the formation
of a nonextended form. We have performed similar rapid
cooling experiments with C,gHggs and have observed only
the major exotherm corresponding to a nonextended form.

The crystallization rates, as evidenced by the isotherms
plotted in Figure 7, display a strong negative temperature
coefficient. This result is shown more strikingly in Figure
10 where both the endothermic and exothermic data are
plotted. Here log (1/74s), where 75 is the time necessary
for 5% crystallinity to develop, is plotted against the
temperature. The large negative temperature coefficient,
covering 5 orders of magnitude over 10 deg, is quite ap-
parent. There appear to be three distinct regions to the
plot in Figure 10. These are the low- and high-temperature
regions characterized by high slopes and the intermediate
region connecting these two extremes. In their study of
CaeHygs, Ungar and Keller'® found that in this type plot
there was a maximum in the connecting region.

The strong negative temperature that is observed is very
suggestive of a nucleation-controlled crystallization process.
In its most general formulation, the steady-state nucleation
rate N for all classes of molecular substances and nuclei
types and shapes can be expressed as*

_Eo - AG*
N = Ny exp| ———

Here E, is the free energy of activation for transport across
the liquid-crystal interface and AG* is the free energy
necessary to form a nucleus of critical size. Since AG*
must invariably be related to the inverse of AG,, the free
energy of fusion per molecule for monomeric substances,

(6)
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or the corresponding free energy per repeating unit, for
a chain the strong negative temperature coefficient inev-
itably results for nucleation in the vicinity of the melting
temperature. However, despite this extremely important
underlying formalism to steady-state nucleation theory,
there is a fundamental difference in developing a detailed
expression for low molecular weight monomeric substances
as compared to chain molecules. The very important
distinction that is involved depends on whether the com-
plete molecule or only a portion thereof participates in the
formation of a nucleus. This question becomes particularly
important for chain molecules since in this case only a
portion of the molecule participates in the nucleus.

In the classical monomeric, low molecular weight (non-
chain) system the complete molecule participates in nu-
cleus formation. In this case for a nucleus with two dif-
ferent surfaces, represented by interfacial free energies ¢,
and o,, respectively, for homogeneous three-dimensional
nucleation

AG* = (7N

8)

Other geometries and nucleation types follow a very similar
pattern. It is convenient to expand AG, about the actual
melting point of the species, Ty, so that

AH, AT

AG, = =

9

AT = T, - T where T is the temperature of nucleation
(crystallization). Substituting eq 9 into either eq 7 or 8
allows for the evaluation of N as a function of 7. The key
factor here is the utilization of the melting temperature
of the actual system in formulating AG*.

In treating the nucleation of chain molecules, including
the n-alkanes, cognizance must be taken of the fact that
the complete molecule does not participate in the forma-
tion of the nucleus.® Therefore, the first step in the for-
mation of a nucleus comprised of chain molecules involves
the selection of ¢ units from among the x repeating units
in the chain. This selection process is a crucial step in
forming the nucleus. Subsequently, additional restraints
can be added to the nucleation process if deemed neces-
sary. This problem, involving chain molecules, has been
treated for both three-dimensional homogeneous nuclea-
tion and coherent two-dimensional nucleation (Gibbs
type)*®® and can easily be extended to other types of
nucleation processes. It is found that for the critical di-
mensions of the three-dimensional nucleus

12 27x1/2q,
* =
P o RT BT (10)
vox (x-*+1)
&* RT RT
2(AG“_ x ”x—g*+1)
- +1
2, - RT In (W) (11)
AG* = 1r1/2§'*p*1/20u (12)

For the two-dimensional case, the critical dimensions are
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. 20, (13)
" s, BT BT
Yox (x-+1)
_pl
%, - RT ln(%)
= (14)
aG, - BT
X
.
2au[2ae—RTln (3‘———?——)]
AG* = =20,{* (1)
AG, - f‘x—T

Here p* is the number of lateral chains involved in the
nucleus, {* the number of repeating units, and AG* the
free energy, characteristic of the critical size nucleus. Here
the quantity AG, is the free energy of fusion per repeating
unit of the infinite chain. Thus

AH(T°-T)
Tn°

where T),,° is the equilibrium melting temperature of the
infinite size chain. The equilibrium melting temperature
characteristic of the real finite chain, including the n-al-
kanes, is not directly involved in the formulation of the
critical nucleus dimensions. The reason for this somewhat
unusual result is that the {*p* units that need to be se-
lected do not recognize the ends of the chains, except of
course for the finite chain correction terms embodied in
eq 10-15. Hence the usual monomeric type nucleation
theory, utilizing the equilibrium melting temperatures of
the species, cannot be used with chain molecules. The
undercooling is not reckoned in the conventional manner
since the same AG, is involved for all chain lengths. This
conclusion includes the n-alkanes since, except for the very
small chain lengths, the complete molecules does not
participate in the nucleation process. The error involved
in adopting conventional procedures can be significant for
smaller values of x but will obviously become less impor-
tant at the higher molecular weights. Unfortunately, ac-
cording to theory the value of AG* cannot be directly
applied to the analysis of experimental data without an
a priori assumption of the value of ¢.. Hence, in order to
analyze experimental data a selection of reasonable values
must be made for this parameter.8%2

In the limit of infinite molecular weight the very in-
teresting result is obtained in that eq 12 and 15 reduce to

AG* = 870,20,/ AG 2 (17
AG* = 40,0,/AG, (18)

AG, = (16)

respectively. These equations are the formulations ex-
pected from classical nucleation theory. This reduction
reflects the fact that for an infinite chain there is no in-
fluence of end groups in the selection and nucleation
process.

From the theory outlined, which is the basic first step
in nucleating chains of finite length, we can examine the
temperature coefficient data that was obtained for C,g,Hgge.
We analyze the data by equating the rate constant, ex-
pressed in terms of 1/ 745, to the steady-state nucleation
rate. At this point we are only considering the selection
contribution to the nucleation process. As has been in-
dicated, further steps can be added to nucleus formation
of dﬁemed necessary. In this analysis we take T,° = 145.5
o

C.
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Figure 11. Treatment of crystallization kinetic data of C;goHggg
in terms of three-dimensional homogeneous nucleation theory.

We examine first, as an example, the case of three-di-
mensional homogeneous nucleation. Certain types of
heterogeneous nucleation will also follow this formalism.5
Since the appropriate values of ¢, cannot be predeter-
mined, we need to consider a range of values for an ob-
jective analysis. The reasons for the values chosen have
been discussed previously.? The results of treating the data
according to eq 6 and 12 are plotted in Figure 11. The
general characteristics of the plots depend on the value
taken for o,. For o, values of 1000, 1500 and 2000 cal/mol
the data are represented by three intersecting straight
lines. At the temperature extremes the two straight lines
are parallel to one another. For the two highest values of
o, considered here, the experimental data are best repre-
sented by two intersecting straight lines. On the basis of
the equilibrium melting temperatures of low molecular
weight polyethylene fractions®® and the premelting of the
n-alkanes previously discussed, the lower values of ¢, would
be more favored.

More detailed attention is focused on the two-dimen-
sional coherent nucleation process. This has been the more
popular type in analyzing polymer kinetics. We plot the
experimental data according to eq 6 and 15 in Figure 12
for selected values of g, Here the same types of results
are obtained irrespective of the value chosen for o,.
Changing the value of ¢, just shifts the data along the
horizontal axis. The data plotted according to this nu-
cleation model are very well represented by three inter-
secting straight lines. The straight lines representing the
high- and low-temperature crystallization regions again
have the same slope. The lower temperature region rep-
resents the rapid upsweep in the crystallization rate that
was seen in Figure 10. Also plotted in this figure are
comparable data for two low molecular weight polyethylene
fractions, M, = 4200 and M, = 5800, that are taken from
previous work.*® We have already noted that these frac-
tions obey Avrami type kinetics with n = 4, identical with
the results for the n-alkane. From Figure 12 we find,
depending on the value taken for o, that the data points
for the fractions are either identical with, or very close to,
that for the n-alkane studied here. The similarities are
rather striking, particularly when considering the different
experimental techniques used and that two independent
investigations are involved. We conclude, therefore, that
there is no basic difference in the nucleation process and
the overall crystallization mechanism between the two
types of species. This result should in fact not be unex-
pected. The same number of chain units is required in the
selection process for nucleus formation for either a n-al-
kane or a fraction of the same chain length. Put another
way, in both cases the chain ends are not recognized in
nucleus formation except for the correction terms. These
will be similar in both cases.
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Figure 12. Treatment of crystallization kinetic data of CygyHggg
in terms of two-dimensional coherent nucleation theory. n-Alkane
CigoHags (0). Linear polyethylene: M = 4200 (O); M = 5800 (A).

Despite the change in the nucleation pattern with tem-
perature, which is indicated by the plots in Figure 12,
extended-chain crystallites are formed in the range studied
subsequent to nucleation. The observation of three in-
tersecting straight lines is reminiscent of crystallization
in regimes I-III that is observed in monomers as well as
polymeric systems.?># In these cases regime III, observed
at low temperature, can be generalized to represent the
deposition of many small nuclei and thus crystallites. In
contrast at the highest temperature, regime I, the growing
nucleus sweeps completely across the crystallite face before
the next layer is initiated; i.e., the rate of growth from the
nucleus on the surface (Gibbs type) is much faster than
the nucleation rate. The temperature coefficient slope in
regime III is calculated to be the same as that in regime
I, which is in accord with the assignments given. In regime
IT additional growth steps are allowed to nucleate before
the previous layer has completely covered the substrate.
For coherent surface nucleation of long-chain molecules
the analysis has shown that the temperature coefficient
slopes are in the ratio of 0.5 between regimes II to I. The
tacit assumption is made in the case of polymers that
growth along the chain axis is severely retarded so that a
two-dimensional growth from the nucleus takes place.
Experimental results for many polymer systems, involving
the measurement of either spherulitic growth or overall
crystallization rates®! appear to support the ratio of 0.5.57¢2
However, recent studies with linear polyethylene fractions
encompassing a very wide molecular weight range, M =
2 X 10%8 X 105, have shown that the slope ratios of regime
II/regime I are dependent on chain length.85 Extrapolation
of the high molecular weight polymer data to M = 2700,
corresponding to CygoHjse, leads to an expectation of ap-
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proximately 0.3 for this ratio. We find that the corre-
sponding ratios of slopes in Figure 12 vary from 0.23 to
0.25 depending on the value chosen for ¢,. We should also
note that, in the original concept of regimes I and II de-
veloped by Hillig52 and Calvert and Uhlman®® for non-
chainlike monomeric systems, where the growth from the
nucleus along the substrate will be three-dimensional, the
corresponding ratio was calculated to be 0.33. The un-
derlying concepts of regimes I-III are thus applicable to
all types of molecular species. They are not limited to
long-chain molecules and do not require the introduction
of any type of folded chain even for polymers.

With this background the possible connection between
the results of Figures 11 and 12 and the classical regime
concept can be examined. We have previously pointed out?
that {*, and thus AG*, increases with increasing temper-
ature so that the nucleation rate continuously decreases.
Subsequent to the nucleation selection process in the n-
alkanes, the possibility of growth along the chain axis, i.e.,
longitudinal or one-dimensional growth, is a key consid-
eration. We postulate that this growth rate depends on
the difference in the number of chain units between x and
*. When this difference is small, growth can proceed
relatively rapidly. The formation of extended-chain
crystallites would thus be unimpeded. Thus, at high
crystallization temmperatures we have an analogous set
of conditions that stipulate the conventional regime 1.
Here, it is the one-dimensional longitudinal growth that
is rapid relative to the nucleation process. Now as the
temperature is lowered the nucleation rate increases.
Concomitantly, the longitudinal growth rate will decrease
since {* becomes less than x. We have thus created similar
conditions for conventional regime II in that multiple
nucleation steps can occur prior to the completion of
longitudinal growth. At still lower temperatures the very
rapid nucleation rate is the major determinant of the
crystallization process and leads to regime III. We thus
find three regimes in the crystallization of C,gHze develop
in a very natural way because of the size of the primary
nucleus relative to longitudinal chain growth. This de-
scription is in accord with the temperature coefficient of
the crystallization kinetics of C,gHggs. There is, therefore,
a progression in the regime concept from a three-dimen-
sional growth problem®25 to one of two-dimensional la-
mellar growth35 and then to the current linear growth
problem.

In a similar study of the crystallization kinetics of
CossHygs, Ungar and Keller!® found a major difference in
the temperature dependence of the crystallization rate as
compared with the results for C,4,Hjzgq that are reported
here. Although an increase is observed in 1/7,;, with the
initial decrease in crystallization temperature, a maximum
is observed in this function (corresponding to a minimum
in the crystallization rate) followed by a rapid increase in
this quantity. The crystallization kinetics of these two
n-alkanes are thus quite different. The finite chain nu-
cleation theory that has been described above is not ade-
quate by itself to explain the minimum in the rate with
temperature. It does, however, explain the temperature
coefficient in the high-temperature region. The extremal
in the crystallization rate indicates that at least two com-
peting processes are involved in the crystallization of the
higher molecular weight n-alkane.?® We propose the fol-
lowing mechanism to explain the temperature coefficient
of the crystallization kinetics of CoigH,qq. It follows from
the previous discussion of the crystallization kinetics of
Ci92H3gs and serves as a connection between the crystal-
lization of low and high molecular weight chains.
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Attention is again focused on the relationship between
* and x. When * becomes very much smaller than x,
longitudinal growth along the chain axis will become very
slow. It is impeded by the large number of disordered,
entangled chain units that must be eventually incorporated
into the crystal. When this growth process becomes suf-
ficiently slow then in order for crystallization to proceed,
subsequent to primary nucleation, another growth mech-
anism must be involved. Under these circumstances
crystallization can proceed by a lamellar growth mecha-
nism. Since under these conditions the crystallite thick-
ness will be much smaller than the extended-chain length,
so that some type of folded-chain crystallite will result.®”
The lateral, or lamellar, growth will also be a nucleation-
controlled process. The formation of a coherent Gibbs
nucleus could be an example of this type. Thus in the size
range where {* « x the temperature coefficient for crys-
tallization will be governed by a competition between
longitudinal and lateral growth. The rate of nucleation
for lamellar growth will continuously increase with de-
creasing temperature. These two types of competing
crystallite growth processes will lead to an extremal in the
crystallization rate consistent with nucleation control. At
sufficiently low temperatures the folded-chain lamellar
crystallite represents the only growth form. Being nu-
cleation-controlled, it will rapidly increase with decreasing
temperature and thus lead to the upsweep in crystallization
rate with decreasing temperature. In these systems there
is a long-time crystallite thickening process, which even-
tually leads to the extended crystallite structure.121415

It is of interest to examine the chain length at which the
proposed changes in mechanisms could take place. We
consider two sets of chains: one of low molecular weight,
x < 100, and the other of high molecular weight, x = 500.
In the former case {* will always be comparable to x at all
crystallization temperatures, for reasonable values of a,,
and extended-chain crystallites will be formed.? On the
other hand, in the high molecular weight region {* will
always be very much less than x, and a folded-chain la-
mellar crystallite results for the reasons previously dis-
cussed. These changes in crystallization mechanisms can
be expected to occur in the regions approximated by x =
200-300.° We have already noted that C,g,Hggq only forms
extended crystallites in the range of crystallization tem-
peratures studied. Thus the primary type nucleation
theory is followed quite well. On the other hand, while the
higher homologug Cy.H g, follows this type of nucleation
process at high crystallization temperatures the onset of
a folded-chain type crystallite at lower temperatures in-
volves an additional type of nucleation. The concepts that
have been outlined above, which admittedly have many
qualitative features, serve as a connection between the
crystallization of low molecular weight chains and high
moleceular weight polymers. In long chains only a folded
type lamellar structure is found because of the very re-
tarded crystallite thickening rate.886?

Summary

In studying the major aspects of the crystallization be-
havior of the high molecular weight n-alkane C,q5Hsgg,
several fundamental features concerned with both the
fusion and crystallization process have emerged. Although
at room temperature complete crystallinity, consistent with
the formation of molecular crystals, is observed, premelting
is found at elevated temperatures prior to complete
melting. This conclusion is shown to be consistent with
the Flory-Vrij® analysis and other data on the n-alkanes
existing in the literature. A reexamination of the melting
temperature—chain length relation of the n-alkanes, to take
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into account the possibilities of premelting, is indicated.

Studies of the crystallization kinetics from the pure melt
reveal that a classical crystallization process is taking place
where the Avrami type analysis is followed. The tem-
perature coefficient of the crystallization indicates that it
is nucleation-controlled and follows the theory developed
for chains of finite molecular weight. Literature data for
a higher molecular weight homologue yields a more com-
plex temperature coefficient, which can be accounted for
by competing crystallization processes. The connection
between the crystallization of low and high molecular
weight chains becomes clear from these results and
analyses.
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