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ABSTRACT The melting behavior of n-alkanes up to carbon number 390 and molecular weight fractions 
of linear polyethylene up to M,, = 5600 have been analyzed. Surprisingly, it is found that the melting 
temperaturemolecular weight relation is the same for both typea of chain molecules. The results are explained 
in terms of premelting of the n-alkanes, with the disordering of sequences of end units, so that the structure 
prior to melting is the same as that of the polymer. Support of this conclusion is given by theoretical 
considerations and experimental results. The difficulties in extrapolating the present data base to the 
equilibrium melting temperature of the infinite molecular weight chain are discussed. 

Introduction 
The  recent synthesis of high molecular weight 

n-alkanes,f-5 with carbon numbers ranging from 102 to 390, 
has provided a set of model compounds that allow for 
further study of the crystallization behavior of chain 
molecules. In addition to the inherent interest in these 
compounds themselves, they also serve as a bridge between 
the crystallization of low molecular weight species and 
fractions of linear polyethylene. In the former case 
molecular crystals can form, while this type of crystal- 
lite is restrained from forming in the polymerss The close 
connection between the two species is demonstrated by 
the fact that the molecular weight a t  which folding can 
occur, for crystallization either from the bulk or from dilute 
solution, is the same for the n-alkanes and the polymer 
f r ac t ion~ .~?~-~3  For example, for linear polyethylenes with 
molecular weights equal to or less than M,, = 2221, M, 
= 2496, that are crystallized from the pure melt, crystal- 
lites are formed whose thicknesses are comparable to the 
extended chain length under  all crystallization 
conditions.10J3 However, for a slightly higher molecular 
weight, M, = 3796, M, = 4116, crystallites with thicknesses 
smaller than the extended molecular length are formed 
a t  lower crystallization temperatures. A t  elevated 
crystallization temperatures extended-chain crystallites are 
formed. A similar molecular weight demarcation is found 
in the n - a l k a n e ~ . ~ ~ ~  When crystallized from the pure melt, 
Cl92Hsee (M = 2688) only forms extended-chain crystal- 
lites. In contrast, C216H4M (M = 3024) can also develop 
a folded-chain crystallite, depending on the crystallization 
temperature.6J4 Thus, folded crystallites can form in both 
the n-alkanes and the polymers species a t  comparable 
molecular weights when crystallized from the pure melt. 

A similar situation is found for crystallization from dilute 
solution. In this case, polyethylene fractions with M, = 
1586 can form either a folded- or extended-type crystal- 
lite, depending on the crystallization temperature. At lower 
molecular weights only extended-chain crystallites form. 
For M,, = 2859 and greater, only a folded-type crystal- 
lite can be For crystallization from dilute 
solution a folded-type crystallite can be developed for 
CISOHSOZ (M = 2100). Although the molecular weights are 
slightly different between bulk crystallization and dilute 
solution, there is almost quantitative agreement between 

0024-9297/90/ 2223-3696$02.50/0 

the n-alkanes and the polyethylene fractions with respect 
to the molecular weight a t  which nonextended crystal- 
lite structures can be deveIoped. This conclusion should 
not be confused with the well-known result that as the 
chain length of a polymer increases, some type of folded 
structure will develop. The important distinction being 
made here is that not only does folding occur in the n-al- 
kanes but it does so at  the same molecular weight as is 
found for linear polyethylene fractions under comparable 
crystallization conditions. 

A variety of studies of the properties of the high 
molecular weight n-alkanes have recently been reported. 
These include nucleation theorygJsJs morphology,7J7-19 
crystallization kinetics,16*20.21 and a detailed study of the 
fusion of dononacontahectane, C192HSm.l6 The melting 
points of many of the high molecular weight n-alkanes have 
been reported in connection with the description of their 
synthesis and proper tie^.^.^.^ Melting points have also been 
reported for low molecular weight fractions of linear 
polyethylene.1°J3vm In the present paper we focus attention 
on a comparison of the melting temperature as a function 
of chain length of these two different classes of chain 
molecules. I t  is necessary for this comparison that  
extended-chain crystallites, where the crystallite thickness 
is comparable to the chain length, be formed by both the 
polymers and the n-alkanes. This requirement limits the 
polymer data to low molecular weight fractions that can 
be crystallized in such a manner as to ensure that extended- 
chain crystallites are formed. Similar requirements also 
hold for the n-alkanes. It has been demonstrated that n-al- 
kanes up to C3d782 can be crystallized in extended form. 
A sufficient set of data that  satisfies the necessary 
conditions already exists in the literature for the 

so that the desired analysis can be made. 

Experimental Results 
Samples. The origin of the samples and their melting 

temperatures that will be analyzed have already been 
described in the literature. The data for the n-alkanes, 
from ClozH2~ to C d 7 8 2 ,  come from the synthesis of Bidd 
et al.3,7 and of Lee and Wegner.5 Data for C,33H12z to 
C160H322 also come from Takamizawa et al.23 The data 
for ClooH202 and below come from Flory and Vrije and is 
based on the compilation given by Broadhurst.24 
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The data for the low molecular weight polyethylene 
fractions come from several sources. Fractions with the 
number-average molecular weights from 3265 to  5320 are 
from the work of Fatou and Mandelkern and were prepared 
by column fractionation.n Four fractions with Mn ranging 
from 1586 to 5600 come from ref 10. In this work, one 
sample, Mn = 5600, was obtained from Societe National 
Elf Aquitaine (SNEA). The other three fractions were 
prepared by fractional crystallization and the molecular 
weights were determined by GPC. Six fractions, with Mn 
ranging from 575 to 2900, come from more recent work.13 
The three lowest molecular weight fractions in this set were 
prepared by methods previously described and Mn was 
determined by end-group analysis using high-resolution 
NMR.'3 

Melting Temperature Determination. Except for the 
data from ref 22, the melting temperatures of all the 
samples, both the n-alkanes and the polymer fractions, 
were determined by differential scanning calorimetry. The 
specific procedures used and the significance of the 
observed melting temperatures in terms of the equilibrium 
conditions will be discussed in more detail below. The 
melting temperatures of the data from ref 22 were 
determined by dilatometric techniques. In this procedure, 
slow heating followed long-time crystallization a t  an 
elevated temperature. 
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Results and Discussion 
In order to make the desired comparison between the 

equilibrium melting temperatures of the n-alkanes and the 
polymers, it is necessary to ensure that extended-chain 
crystallites are formed under the adopted crystallization 
procedures. This requirement has been established for the 
n-alkanes up to  C390H782 using either small-angle X-ray 
diffraction or the Raman longitudinal acoustical mode 
(LAM).6*7 In order to develop extended-chain crystals for 
molecular weights between Mn = 2900 and Mn = 5600, long- 
time crystallization is required at  high temperatures.1° For 
lower molecular weights, extended-chain crystallites can 
be developed relatively easily.1° Extended-chain crystal- 
lites could not be formed in a fraction Mn = 8000 after 
crystallization at  high temperatures over any reasonable 
time period at atmospheric pressure. Given that extended- 
chain crystallites can be formed with molecular weights 
of 5600 and less, it now needs to be established that the 
determined melting temperatures are of equilibrium 
significance. The isothermal crystallization and heating 
procedures adopted for the dilatometric experiments ensure 
that equilibrium temperatures were obtained for the 
extended-type crystallites that were initially formed. In 
contrast, the  determination of thermodynamically 
significant equilibrium melting temperature, for either the 
fractions or the n-alkanes, is not obvious by the differential 
scanning calorimetric technique.26@ 

It has been demonstrated that constant and thermo- 
dynamically meaningful melting temperatures are obtained 
when sample maases of the order of 1 mg or less are used.% 
There is, however, a significant influence of the heating 
rate on the melting temperature as determined by 
differential scanning calorimetry. It has been found that 
heating rates of 1 "C or less give constant melting 
temperatures  which a re  demonstrated t o  be the  
thermodynamically significant ones.6*26 For example, 
heating C192H3~6 a t  a rate of 1 "C/min or less gives a 
constant melting temperature of 126 f 0.1 "C. In contrast, 
the higher heating rates that are conventionally used yield 
melting temperatures that are almost 2 OC higher. I t  is 
therefore necessary that  the melting temperature be 

I 1 I I I I I I I I 
,An 

i If -1 
6o a0 8'0 I h  ILO 260 2140 280 3h0 360 466 

X 

Figure 1. Plot of melting temperature Tm against number of 
carbon atoms x for n-alkanes (solid symbols) and low molecular 
weight polyethylene fractions (open symbols). n-Alkanes: (0) 
ref 5; (A) ref 7; (0) ref 3; (A) ref 16; (m) ref 6; (m) ref 23; (A) ref 
39. Polyethylene: (0) ref 13; (A) ref 10; (V) ref 22. 

determined at, or extrapolated to, the low heating rates. 
The data for all the polyethylene fractions and for C192H386 
that will be analyzed here were obtained under these 
conditions. 

It is also important to ascertain whether the directly 
observed melt ing t empera tu re  depends  on t h e  
crystallization temperature, Tc. For example, even for the 
n-alkane C192H3M an increase of 1.5 OC is found for the 
equilibrium melting temperature over that directly ob- 
s e r ~ e d . ' ~ . ~ ~  Similar effects are found with the low 
molecular weight polyethylene fractions that only form 
extended-chain crystallites.10>28 For the higher molecular 
weights (Mn = 3769 and 5600) a discontinuity is observed 
in the Tm-Tc plot.1° This represents a change from a 
folded-type crystallite structure to an extended one. Thus, 
in order to determine the equilibrium melting temperature 
an analysis must be made of the dependence of Tm on T,. 
This procedure was adopted for the polyethylene data 
analyzed here as well as for C192Hm. For the reasons cited, 
therefore, these data can be considered to represent 
equilibrium melting temperatures. We should note that 
if the proper sample mass is used, there is a compensating 
effect in the deviation from equilibrium between the 
heating rate and the dependence of Tm on To 

Among the melting temperature compilations of the high 
molecular weight n-alkanes, Lee and Wegner6 studied the 
range C120H242 to C216H434 and extrapolated the observed 
melting temperatures to zero heating rates. However, they 
did not study the dependence of the observed melting 
temperature on the crystallization temperature. Thus, 
their reported melting temperatures would be expected 
to be ca. 1 "C less than the equilibrium value. Ungar et 
aL7 studied the range C m H m  to C390H7~2 using the single 
heating rate of 10 "C/min. They did not examine the 
dependence of the temperature on the crystallization 
temperature. It can be presumed that the reported melting 
points of Bidd et al.3 for the same compounds described 
by Ungar et aL7 followed the same procedure. In these 
studies a compensation would be expected between the 
two different effects, and reliable melting temperatures 
would thus resulta39 Takamizawa et aLZ3 studied the 
melting temperatures of C6OH122 to C160H322 by dilatom- 
etry, by differential thermal analysis, and by differential 
scanning calorimetry. The results obtained by the two 
different methods complement one another except for 
C80H162, whose melting temperature by DSC appears to 
be slightly on the low side. A compilation of the reported 
melting temperatures, determined in the manner described 
above, is plotted in Figure 1 against x ,  the number of 
carbon atoms (number average for the polymer) in the 
chain. The open symbols represented the data for the 
polymers, while the closed symbols represented the melting 
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of this type of premelting has been given.6J6 It has been 
shown that  depending on the relative values of the 
interfacial free energies involved, melting should occur in 
the pure n-alkanes of modest chain lengths. The interfacial 
free energies that are deduced1° (cf. seq.) for the junction 
of the ordered and disordered sequences will satisfy the 
premelting condition. The premelting phenomenon of 
interest here is very specific to chain molecules. It is not 
of the conventional type that is encountered for all classes 
of molecules that can be attributed by straightforward 
thermodynamic arguments to the presence of impurities. 

We have thus established, on both a theoretical and 
experimental basis, that the polyethylene fractions and the 
monodisperse n-alkanes display premelting prior to 
complete melting. At  elevated temperatures both systems 
thus have the same structure, a core crystalline portion 
and a sequence of disordered end units. These structural 
factors should be the same for a given molecular weight 
of either species. Therefore, it should be expected that 
the same equilibrium melting temperature-molecular 
weight relation is found for both types of chain molecules. 

It is of interest now to examine the quantitative basis 
for the common melting temperatures of both types of 
chain molecules. Flory and Vrij have developed a well- 
founded theory for the melting of end-paired molecular 
crystah6 They pointed out that although the enthalpy 
of fusion can be taken as a linear function of chain length, 
the corresponding linearity of the entropy of fusion is not 
valid. Taking this factor into account along with the 
temperature dependence of the free energy of fusion and 
the interfacial free energy associated with the planes of 
end-paired units, the melting temperature-molecular 
weight relation was derived for this model. This theoretical 
relation was applied to the melting temperatures of the 
n-alkanes. The n-alkane C10oH102 was the highest 
molecular weight then available. The tacit assumption was 
made in this analysis that premelting did not occur, so that 
the observed melting temperatures were assumed to reflect 
the disappearance of the end-paired molecular crystals. 
On this basis, an equilibrium melting temperature, Tmo 
= 145.5 f 1 "C, was extrapolated for the infinite molecular 
weight polyethylene. The melting temperatures that are 
calculated from this theory for the chain lengths of interest 
here are represented by the dashed line in Figure 1. 
Starting with carbon number 120, the theoretical melting 
temperatures for the molecular crystals are slightly higher 
than those actually observed. The melting temperatures 
calculated from the Flory-Vrij theory crucially depend on 
the assumption that the melting temperatures reported 
in the range C50H102 to Cl~H2o2 actually represent the 
melting of molecular crystals. From our previous 
discussion, we know now that this is not a valid assumption. 
The Flory-Vrij analysis has been reexamined by restricting 
the data base of the n-alkanes to carbon numbers less than 
50.l2 In this chain length range, the effect of end 
disordering should be minimal, but cannot be completely 
ruled out. By restricting the data base in this manner, it 
was found that a much wider range of Tm" values, as well 
as melting temperatures in the region of interest, become 
compatible with theory.I6 However, despite this finding, 
it must be recognized that the Flory-Vrij molecular crystal 
theory cannot be applied to the n-alkanes in the range of 
current interest. 

Flory has also calculated the equilibrium melting 
temperature-molecular weight relation for equilibrium 
crystallites with disordered end  sequence^.^' The melting 
temperatures can be expressed as 

(1) l/Tme - l/TmO = (R/AH")Kl/X) + [l/(x - + 1)11 

temperatures of the n-alkanes. The data plotted in Figure 
1 give a most interesting and surprising set of results. We 
find that with the exception of only one point both chain 
molecules can be described by a common curve.mm Within 
1 "C, all of the melting temperatures fall on the curve 
described by the solid line in this figure. The agreement 
is particularly noteworthy with common molecular weights 
of the two species. Considering the different sources of 
the data and that both calorimetric and dilatometric 
techniques were used in different experiments, this leads 
one to accept the reality of the agreement that is obtained. 
We then have to seek the reason for the concordance in 
the melting temperature-molecular weight relations 
between the n-alkanes and the low molecular weight 
polyethylene fractions. 

For polymers, molecular crystals, where the ends from 
one chain to another are paired and thus delineate well- 
defined planes, cannot form. No matter how well 
fractionated the system is, the individual molecules will 
not be of exactly the same length. Therefore, the necessary 
condition for molecular crystal formation cannot be 
physically fulfilled. Consequently, the equilibrium 
condition, established by statistical mechanical a n a y l ~ i s , ~ ~  
is one where the end portion of the molecule is disordered, 
or unpeeled. Thus a chain of x repeating units is 
characterized by an equilibrium crystallite, or ordered 
sequence length, {e.31 This model receives verification from 
several different experimental sources. Solid-state l3C 
NMR studies a t  ambient temperature of a low molecular 
weight linear polyethylene, M, = 1600, show that a higher 
proportion of a and methyl carbons are in the noncrys- 
talline phase relative to the crystallinity level of the inner 
methylene carbons.32 Recent Raman studies33 with 
fractions M, = 800 and M, = 1000 indicate that ca. 10- 
15% of the chain units are disordered and that  the 
disordering process proceeds from the chain ends. These 
results thus support the theoretically expected equilibrium 
crystallite structure. Complete melting of the polymers 
therefore occurs from a partially disordered state. 

In contrast to the polymers the primary characteristic 
of an n-alkane is the fact that all of the constituent chain 
molecules are of precisely the same length and are 
terminated at  each end by a methyl group. Consequently, 
a t  sufficiently low temperatures molecular crystals are 
formed. However, it has been found by several different 
experimental techniques that if the n-alkane is sufficiently 
long, the molecular crystal structure is not maintained at 
elevated temperatures. In this case, premelting, with end 
disordering, takes place prior to  complete melting. 
Calorimetric studies of the fusion process of dononacon- 
tahectane, C192H386, has demonstrated that this type of 
premelting takes place ca. 30 "C below the actual melting 
temperature.16 The same interpretation can be given to 
a similar calorimetric study of n-hectane, C1~H202.16934 A 
solid-state 13C NMR study of octahexacontahectane, 
C168H338, in extended crystalline form has shown that 
significant conformational disorder of the CH3 groups and 
the adjacent a and P carbons takes place at 87 "C, which 
is ca. 40 "C below the true melting temperature.32 This 
observation is indicative of premelting and is very similar 
to the results found for low molecular weight polyethylene 
at  ambient temperature. Other evidence for premelting 
of this type is found in the dilatometric study of C94H19035 
and in the small-angle X-ray studies of C8OH162 and 
C ~ ~ H I ~ O . ~ ~ ~ . ~ ~  Recent infrared and Raman studies of 
C50H102 and C60Hl22 indicate that premelting takes place 
ca. 30-40 "C below the true melting temperatures of these 
 compound^.^' A straightforward theoretical explanation 
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Table I 
Parameters Involved in the Fusion of Low Molecular Weight Polyethylene Fractions 

M" Tmaov *C l e  te /X Oe l e  l e /x  0. ref 
Tmo = 145.5 O C  Tmo = 144 "c 

575 
785 
910 

1055 
1586 
1675 
2221 
2900 
3265 
3769 
5320 
5600 

79 
95 

103 
110.5 
124.5 
122 
126 
131 
133 
132 
135 
134.2 

37 
50 
57 
65 
95 

106 
140 
181 
202 
242 
345 
368 

0.90 
0.89 
0.88 
0.87 . 
0.84 
0.87 
0.88 
0.87 
0.87 
0.90 
0.91 
0.92 

i? 3000 
1 
V 

0 0  
0 i 

I O O O C  
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I 1 I 
I02 103 I 04 
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Figure 2. Plot of a. (&/mol) against Mn for linear polyethylene 
fractions. 

Here, Tm" is the equilibrium melting temperature for an 
inf ini te  molecular weight chain and  T,, is the  
corresponding temperature for a fraction containing x 
repeating units. ue can be taken to be the effective 
interfacial free energy associated with the basal plane of 
an equilibrium crystallite of length {e, and AHu is the en- 
thalpy of fusion per repeating unit and has been found to 
be 980 cal/mol of repeating units. Since extended-chain 
crystallites are formed by the low molecular weight 
fractions studied here, these equations should be applicable. 
Consequently, we have listed in Table I the key parameters 
that can be deduced from eqs 1 and 2, taking T," to be 
145.5 and 144.0 "C, respectively. We find from this analysis 
that although {e increases monotonically with x ,  as would 
be expected, the r e / x  ratio is of the order of 0.90 for T," 
either 145.5 or 144.0 "C. Extended-chain crystallites of 
higher molecular weights have not as yet been produced 
to establish whether a constant, asymptotic value of { e / x  

can be reached. The answer to the question is directly 
related to the dependence .of 0, on molecular weight. A 
plot of ue as a function of molecular weight is given in 
Figure 2. Here, Tm"  is taken as 145.5 "C, but very similar 
results are obtained for other selected equilibrium melting 
temperatures in this vicinity. In the low molecular weight 
range, Mn I 2000, a fairly constant value of ca. 1700 cal/ 
mol is found for a,. However, for M,, I 2000, there is a 
definite increase in the observed value of ue, which reaches 
a value of 3000-3500 cal/mol for Mn = 5600. It has been 
pointed out previously in detail that the increase in a, with 
molecular weight is caused by the first term on the right 
in eq 2.1°*40 Although the interfacial free energy would be 
expected to reach an asymptotic value with chain length, 
it clearly has not done so for the highest molecular weights 
studied up till now where extended-chain crystallites are 
formed. 

1853 
1852 
1628 
1521 
1298 
1785 
2024 
1876 
1746 
2558 
2930 
3485 

37 
50 
57 
65 
74 

104 
139 
178 
198 
238 
338 
362 

0.90 
0.89 
0.88 
0.87 
0.83 
0.86 
0.87 
0.86 
0.85 
0.88 
0.89 
0.91 

1773 
1790 
1679 
1496 
1140 
1581 
1790 
1597 
1462 
2142 
2329 
2858 

13 
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13 
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22 
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22 
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Figure 3. Plot of l/T, against l / le  for n-alkanes (0) and low 
molecular weight polyethylene fractions (0). 

This variation in ue with molecular weight makes it 
difficult using these data, as well as those of the n-al- 
kanes, to extrapolate to T," characteristic of the infinite 
molecular weight chain. This problem can be seen in the 
following analysis. Equation 1 can be rewritten as3I 

where b = [l - ( { , / x )  + (l/x)]-l. The quantity b then 
depends on a, through the ratio l e / x .  If b were a constant, 
then a plot of l/Tme against l / x  should be linear and 
extrapolate to l/Tmo as x - -. Although we recognize 
that [ , / x  (or ae) has not reached an asymptotic value, so 
that b is not a constant for the data currently available, 
it is instructive to analyze these data in terms of the above. 
Consequently, the appropriate plot is made in Figure 3 for 
the available polymer and n-alkane data. Careful scrutiny 
of this plot indicates that  the data  points are not 
sufficiently linear to yield a reliable extrapolation for Tm". 
Drawn solely as basis for reference, the straight line given 
in Figure 3 yields a value of T," = 144.3 "C. It is clear 
that in order to accomplish a reliable extrapolation for Tm" 
from this type ttnalysis, melting temperatures for both 
polymer and the n-alkane in the region l / x  = 1 X to 
2 X are required. Thus at this point, one cannot offer 
a more precise value for T,". Estimates of the asymptotic 
value of ne indicate that T," can be within 1 "C of the 
value indicated. 

In summary, we conclude that the extrapolation to Tm" 
of the melting temperatures of the n-alkanes and the low 
molecular weight polyethylene fractions cannot be 
accomplished with reliability a t  the present time. Although 
the Flory-Vrij theory for the chain length dependence of 
the melting temperature of the n-alkanes is on theoretically 
firm basis, it cannot be applied to this problem because 
of premelting. The premelting in the n-alkanes involves 
disordering of the end sequences and is the reason for the 
identical melting temperatures of the polymers and n-al- 
kanes. As has been pointed out, the extrapolation to 
infinite chain length of t he  equilibrium melting 
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temperatures of the f i n i t e  c h a i n  s y s t e m s  i s  severe ly  
hampered because of the molecular weight dependence of 
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ABSTRACT Using a dynamic scaling theory for the viscoelasticity of cross-linking polymers near the gel 
point, we predict the superposition of viscoelastic functions a t  differing extents of reactions. For example, 
to superpose the streas relaxation modulus, a vertical shift is needed to account for the increase in the equilibrium 
modulus with cure, G, - €813, and a horizontal shift for the divergence of the characteristic relaxation time, 
T* - c4, where is the critical extent of reaction. Experiments on model epoxies show excellent superpo- 
sition both below and above the gel point and give G ,  - ~ 2 . 8 ~ 0 . 2  and T, - c-3.9*0.2. The critical regime where 
this superposition is valid is surprisingly wide, encompassing over half of the reaction. 

Introduction 
A l t h o u g h  the cr i t ica l  d y n a m i c s  that occur near a 

thermodynamic second-order phase t r a n s i t i o n  are 
reasonably well understood, the critical dynamics of the 
gel point, a second-order t ransi t ion i n  connectiuity, have 
been investigated only recently.14 At the sol-gel transition 
i t  is  the divergent connectivity correlation length, not the 

under 

spat ia l  correlation length, that leads to complex dynamic  
behavior ,  so there are many i n t e r e s t i n g  viscoelast ic  
dynamica l  features  that have no apparent analogue i n  
thermodynamic tm-x3itions. The Observed phenomenolW' 
is by  now familiar: beneath the gel point, the viscosity t] 
d i v e r g e s  c o n t i n u o u s l y  and above the g e l  p o i n t  the 
equilibrium modulus G, grows continuously. In addition, 
the longest relaxation time? T ~ ,  that delineates the simple 
viscous or elastic regime from a complex viscoelastic fluid 
regime diverges as the gel point  is approached from either 

t This work w&9 by the U.S. Department 
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