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ABSTRACT The nucleation theory approach to chain folding is herein extended to  the case of short chains 
and employed to  predict the undercooling a t  which a chain of specified length will exhibit f folds per molecule, 
where f = 1, 2, 3, .... The  extensive data of Kovacs and co-workers on low molecular weight poly(ethy1ene 
oxide) fractions, which clearly exhibit once-, twice-, three-times-, and four-times-folded (f = 1 through f = 
4) crystals, are successfully interpreted in terms of the treatment. I t  would thus appear for this system that 
the frequently posed question of which factors control the onset of chain folding with increasing molecular 
weight and undercooling has been answered. 

It is known that many high polymers consisting of 
flexible chains with sufficiently regular chemical chain 
units crystallize from the melt and dilute solution in the 
form of lamellar structures where each lamella (or single 
crystal) exhibits chain In a number of respects, 
our understanding of this phenomenon is in a relatively 
satisfactory state. For example, kinetic nucleation  the^@^ 
predicts the initial lamellar thickness lg* as a function of 
undercooling AT for high molecular weight polymers, in- 
cluding fractions. This holds for single crystals formed 
from dilute solution,4 and recent synchrotron experiments 
that eliminate the effects of isothermal thickening have 
shown that it applies equally well to polyethylene when 
crystallized from the melt.6 Progress has also been made 
on the basis of the same theoretical framework in under- 
standing the kinetic processes by which chain folds are 
incorporated into the crystals as they are being formed, 
including a description of the overall kinetics of g r ~ w t h ~ , ~ , ~  
as a function of AT. This state of affairs was attained in 
part because of the recognition of three regimes of crys- 
tallization (commonly denoted I, 11, and III)4r7-9 and also 
because of the introduction of the concept of reptation.lOJ 
The latter allows one to understand not only the molecular 
weight dependence of the growth ratell but also how 
portions of the long molecules in a relatively high molecular 
weight fraction can be reeled from the entangled melt onto 
the substrate, allowing the formation of chain-folded 
clusters.i,s~lO~ll Further, one knows from the “Gambler’s 

and related calculations14 that there are definite 
topological constraints on nonadjacent reentry in high 
Ruin”12,13 
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molecular weight polymers that require (for vertical stems) 
close to two-thirds “tight” folds, i.e., a lamellar surface with 
two-thirds adjacent or very near adjacent reentry type folds 
that have no amorphous character in the traverse between 
the stems. However, there does not appear up to now to 
be a treatment of the onset of chain folding in low mo- 
lecular weight fractions. I t  is the purpose of this paper 
to outline such a treatment and apply it to the extensive 
and carefully executed data of Kovacs and co-workers on 
poly(ethy1ene oxide) (PEO) fractions crystallized as single 
crystals from the melt.15-20 It will emerge that the data 
yield to a straightforward treatment that provides a clear 
insight into the physics of the onset of chain folding at low 
molecular weights. Specifically, we shall herein successfully 
predict the number of folds per molecule f that will appear 
in PEO lamellae crystallized from the melt at  a specified 
undercooling A P  for samples consisting of short molecules 
of length lo. 

Figure 1 (upper diagram) shows schematically how in 
the experiments of Kovacs and co-workers the growth rate 
G of a PEO fraction of fixed length lo varies with the 
undercooling AT. We choose to measure the undercooling 
for a given fraction consisting of molecules of length lo from 
the extended-chain melting point T, appropriate to that 
fraction. Curves of the type shown define experimentally 
for each lo the undercooling AT*, where, with increasing 
undercooling, the onset of lamellae with f chain folds per 
molecule without conspicuous initial ciliation occurs. 
Once-folding (f = 1) obtains a t  the lowest undercooling 
A P l ;  this is then followed at the larger undercooling A P 2  
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Figure 1. Variation of growth rate G and initial lamellar thickness 
1 * as a function of temperature and undercooling AT for a 
skort-chain polymer of fixed length 1, (schematic). Heavy dots 
(lower diagram) show undercooling where lg* is identical with lo/(l  
+ f). (Lightly dotted lines in lower diagram show effect of iso- 
thermal thickening on observed lamellar thickness; see footnote 
21. The growth rate at the onset of each domain corresponding 
to AT*/ is denoted G,*. 

by twice-folding and so on up to AT*4 (f = 4) for some of 
the specimens. In the case of the samples with the larger 
lo, the curves are compressed toward the AT = 0 side of 
the diagram. Observe that the definition of the under- 
cooling at  which a given number of folds per molecule 
appears is determined on a kinetic basis. Accordingly, the 
treatment to be given below will deal with the problem in 
terms of the kinetic theory of chain folding. 

A basic concept that we shall use here is that a t  the onset 
of a given fold domain, i.e., for lamellae of a given f, the 
fold period lfold will closely correspond to the stem length 
1,* predicted by nucleation theory (see heavy dots, Figure 
1, lower diagram). Thus at  the onset temperature where 
ciliation is minimal, we let 

(1) 

Hence for once-folded chains (f = 1) lfold is 10/2, and this 
will be equal to the more or less smoothly varying function 
1,* only at  one specific undercooling AT*, for a given lo. 
For f = 2 lfold is 10/3, and the undercooling where lg* is the 
same as 10/3 is AT*2 and so on. Within a given fold do- 
main, say f = 1, increasing undercooling causes lg* to di- 
minish so that increasing initial ciliation results (see f = 
1 - f = 1+, etc., in Figure 1). This has interesting con- 
sequences,21 but here we confine our interest to predicting 
AT*, a t  the onset temperature where initial ciliation is 
minimal. 

For the variation of lg* with temperature and under- 
cooling at  each onset temperature we use the kinetically 
derived expression for the initial lamellar t h i c k n e ~ s ~ , ~  

l f d d  = lo/(f + 1) = 1g* 
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1,* = (2ae/AG) + 6 = (2aeTm/(Ahf)(AT)) + 6 (2a) 

where 

$e = ue(=)[f/(f + 111 (2b) 
In eq 2a we have used the simplified expression AG = 
Ahf( AT/ T,) to describe the driving force for crystalliza- 
tion. This will prove to be an adequate approximation in 
the present application. In the above, Ahf is the heat of 
fusion in units of energy per unit volume. The quantity 
6 is approximately hT/ boa in the simplest appr~ximation~,~ 
(k is Boltzmann’s constant, bo is the layer thickness, and 
u is the lateral surface free energy); in the more elaborate 
and more accurate approximations that permit fluctuations 
of fold period,22 6 is roughly 1.5 times larger than kT/bou, 
but this causes no difficulty in the present treatment. The 
value of 6, though small compared to l g* ,  must be greater 
than zero, since otherwise the lamella would melt a t  its 
crystallization t e m p e r a t ~ r e . ~ , ~ , ~  The quantity 8e is the 
mean value of the “fold” surface free energy associated with 
a substrate of designated f. Equation 2b, which we have 
suggested before,23 seems a suitable approximation for this 
average; ue(-] is the surface free energy of a fully folded 
surface. In a lamellar system where the chain ends do not 
protrude from the fold surface as cilia, which is the case 
at A P f ,  there is neither a chain-end term involving ucKn end 
nor a cilium free energy in the eq 2b when Tm(extended 
chain) is used as the basis for obtaining AT. Equation 2b 
implies the presence of a high degree of adjacent or very 
near adjacent reentry in the substrate completion process; 
we find the “switchboard” analogy particularly inappro- 
priate in this case where the growth rate is known ex- 
perimentally to be “quantized” f = 1 through f = 4. 
Equations 2a and 2b define an lg* for a specified lo that 
falls with increasing AT, as depicted schematically in 
Figure 1 (heavy dashed lines, lower diagram). This line 
superficially resembles, but is not equivalent to, the shape 
of the I,* vs. A T  plot that is obtained with a constant ue. 

From the above one readily finds the desired relation- 
ship between the undercooling AT*, corresponding to the 
onset of a specified number of folds per molecule f and the 
overall length of the chain 1,. This is 

AT*, = -( 2 u e ( = ) T m  L)/[ (”) - 6 1  (3) 

Ahf f+ 1 f + l  

Since eq 2a is independent of the regime of crystallization, 
the same is therefore true of eq 3. The reader is reminded 
that eq 3 is fundamentally of kinetic origin. There are no 
tenable equilibrium theories of chain folding. 

We consider now independently determined values of 
ue(-) for use in eq 3. From an analysis of the melting point 
data on once-folded PEO chains using the thermodynamic 
expression 

where Tf‘ = T1‘ is the observed melting point of the 
once-folded lamellaelg and Ahf = 2.4 X lo9 erg ~ m - ~ ,  we 
find that ue(=) is roughly 45 erg cm-2 for PEO. From a 
detailed analysis of the kinetics of crystallization we have 
found that the best fit is obtained with ue(-) r 42.2 erg cm-’ 
and u 2 10.6 erg cm-2 (see later). Also, the empirical 
relation4 u e 0.1(Ahf)(aobo)1/2 gives u = 11.1 erg cm-2. 
Accordingly, we see no major contradictions with regard 
to the input data. 

vs. 1, for f = 1 
through f = 5 ,  as calculated with eq 3 for the case ue(-)  = 

The solid lines in Figure 2 show 
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thickening, multilayering, or other rearrangement has yet 
taken place. 

We observe in passing that eq 2b for B~ will likely require 
modification in cases where annealed multilayered systems 
with “quantized” f are concerned, since here rather strong 
interlamellar interactions involving chain folds and re- 
manent cilia can be present. I t  is for this reason that we 
have given the thermodynamic ue(-) obtained from melting 
point data with eq 4 above only for f = 1, and then only 
as a rough approximation; the f = 2 and f = 3 melting 
points lead to deviations attributable to the aforemen- 
tioned  interaction^.^^ However, this does not detract from 
the validity of eq 2b as applied to surface nucleus forma- 
tion and the ensuing substrate completion process on the 
relatively young and “unannealed” growth front of a single 
crystal to obtain the kinetically determined quantity A P , ,  
which application is in any case successful as is shown in 
Figure 2. 

It remains to highlight certain aspects of the growth 
kinetics as they relate to AT*, and lg*. It is seen that it 
has not been necessary to know the absolute growth rate 
G,* at  the onset of each domain of chain folding (f = 1, 
2, 3, etc., as depicted in Figure 1, upper diagram) in order 
to calculate AT*, as a function of 1,. It is only necessary 
to know ue(m), Ahf, and 6 in eq 3 to find AT*,. One of the 
reasons that eq 3 works so well, as is illustrated in Figure 
2, is that the kinetic expression for I,* inherent in its de- 
rivation, eq 2a, is independent of regime. However, G,* 
may depend on regime. It is instructive to note here that 
according to chain fold nucleation theory the growth rate 
G is related to I,* by the r e l a t i ~ n ~ . ~  

G a exp[-jboal,*/IzT] (5a) 

where j = 2 for regimes I and I11 and j = 1 for regime 11. 
This is altogether equivalent to the usual e x p r e ~ s i o n ~ , ~  
where G varies as 

G a exp[-2jboa~,T,/(Ah,)(A~kT] (5b) 

Thus G*, depends on regime even though lg* does not. 
From eq 5a it is seen qualitatively why the growth rate 
tends to increase as I,* falls, as is shown schematically in 
Figure 1, and further, from eq 5b why the growth rate 
increases as A T  increases. Observe from eq 5 that a change 
of regime could cause disturbances in the variation of G*, 
with lg* (or AT) .  As will be noted shortly, this evidently 
occurs a t  the extremum of very short chains with once- 
folding in PEO fractions. One of the strengths of the 
present treatment is that AT*, is calculated in such a way 
as to avoid the necessity of knowing the regime involved 
in the crystallization or the absolute crystallization rate 
G,* at  AT.,. Observe also that the present scheme is such 
that it is not required to deal with extended-chain crys- 
tallization rates. This is also an advantage, since in ex- 
tended-chain crystallization, one might well expect devi- 
ations from some of the simple assumptions commonly 
employed in successfully dealing with the kinetics of 
chain-folded high polymers. As matters now stand, the 
approach suggested here for low molecular weight systems 
gives AT*, as a function of lo  for f = 1, 2, 3, ... in a direct 
manner that avoids unnecessary complications resulting 
from uncertainty of regime or any peculiarities in the 
details of extended-chain crystallization. The current 
treatment converges smoothly toward the customary 
high-polymer treatment for lg* and G and is for practical 
purposes equivalent to it when f is about 4 or 5 or greater. 

Since the kinetic effects are of general interest and also 
have a bearing on the input data employed in this paper, 
most especially the values a 10.6 erg cm-* and ge17, 2 

t 
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Figure 2. Comparison of theoretical chain-folding onset un- 
dercooling AT*, as a function of extended-chain length lo for 
various f values (solid lines) with experiment for PEO fractions. 
Experimental points given by KovacdO once-folded (f = l), 0;  
twice-folded (f = 2), A; three times-folded (f = 3), D; four- 
times-folded (f = 4), 0. 

42.2 erg cm-2, Ahf = 2.4 X lo9 erg cmT3, and 6 = 12 X lo-* 
cm or 12 A. (The value of 6 used here is in accord with 
the expectations of fluctuation theory; the 6 calculated 
from the simple approximation kT/boa with u = 10.6 erg 
cm-2 and bo = 4.63 X cm is -9.3 A.) These lines were 
calculated by using the measured values of T,  for each lo 
(see below). If an average value of T,  equal to TI, = 60.6 
“C = 333.8 K had been employed in eq 3, the resultant 
AT*f values would never have differed more than 2.5% 
from those plotted as solid lines in Figure 2. 

Kovacs and c ~ - w o r k e r s ~ ~ - ~ ~  have obtained growth rate 
data of the general type depicted in Figure 1 on six PEO 
fractions whose lengths and extended-chain melting points 
follow: lo = 120 8, (T, = 52.7 “C), 175 A (T ,  = 57.6 “C), 
248 A (T ,  = 60.4 “C), 378 8, (T,  = 63.3 “C), 490 A ( T ,  
= 64.3 “C), and 632 A (T ,  = 65.4 “C). The results 
obtained therefrom are plotted as data points in Figure 
2.20 

The agreement between theory (solid lines) and exper- 
iment (f = 1 through f = 4 data points) in Figure 2 appears 
to be satisfactory. Two key parameters required for the 
predictions are the heat of fusion and ideal fold surface 
free energy ue(=) or, alternatively, the work of chain folding 
q as in u , (~ !  = q / 2 ~ & 3 ,  where aobo is the cross-sectional area 
of the chain. The value of 6 is also important, especially 
when l o / ( f  + 1) is small. For instance, the (clearly incor- 
rect) assumption 6 = 0 would have led to AT*, = 9.5 “C 
for f = 1, lo = 120 A, which is in notably poorer agreement 
with experiment than the AT*l shown in Figure 2 calcu- 
lated by using 6 = 12 A. We note further that the agree- 
ment between theory and experiment illustrated in Figure 
2 is in no little part a result of the a t  least approximate 
validity of the substrate surface free energy averaging law 
given in eq 2b. This bears the clear implication that p e  
as given by eq 2b applies rather well to the kinetics of 
formation of the surface nucleus and the subsequent 
substrate completion process pertaining to a “fresh” or 
unannealed single crystal face where no isothermal 
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42.2 erg cm-2, it is worthwhile to  comment briefly on the 
results of an analysis of G,* for f = 1 through f = 4 as a 
function of lo for the PEO fractions mentioned earlier in 
this work. Details will be published elsewhere.24 With 
expressions of the form of eq 5, it was found for all frac- 
tions exhibiting three- and four-times-folding (f = 3 and 
f = 4) that with the averaging law for ce, eq 2b, the rate 
data yielded u 10.6 erg cm-2 and ue(-) z 42.2 erg cm-2. 
Regime I1 was indicated. The specimens exhibiting 
once-folding cf = 1) went into regime I11 when they were 
short and crystallized rapidly; however, no large deviation 
of D and ue(-) from the values noted above was required. 
Up to this point, i.e., for all f = 3 and f = 4 data and the 
shorter chain f = 1 and f = 2 cases, all that was needed 
to analyze the data sensibly was to use the expressions for 
the growth rate based on the conventional single-stem 
surface nucleus model, as expressed in simple form in eq 
5, a t  the same time giving proper attention to the question 
of regime. Notice that the averaging law for ce was ex- 
plicitly employed; without this, the treatment would have 
failed. In the single-stem m ~ d e l , ~ . ~  the work required to 
put down the first full (v = 1) stem is associated with the 
maximum free energy barrier to surface nucleation; sub- 
sequent stems (v > 1) refer to substrate completion, and 
their addition involves a progressive increase of stability 
of the surface patch. However, for the f = 1 specimens of 
higher chain length, a multistem nucleus rather than the 
conventional single-stem nucleus appeared quite abruptly 
when the fold period exceeded about 125 A. This abrupt 
change in nucleus type in the f = 1 case represented a 
departure from the single-stem model customarily em- 
ployed in treating  polymer^,^,^ but a detailed treatment of 
the multistem nucleus predicted the abrupt change, and 
normal surface free energies still obtained for the mul- 
tistem nucleus. In the multistem model, the maximum in 
the free energy barrier occurs at v > 1, and under certain 
circumstances this maximum can be lower than that as- 
sociated with the single-stem model a t  v = 1. The mul- 
tistem nucleus did not appear in most f = 2 specimens and 
was completely absent in the f = 3 and f = 4 cases. 

In summary, the analysis of the PEO rate data supports 
the input values for u and ue(-) employed in this paper. 
There is no indication that u is a strong function of chain 
length, as was implied by an earlier analysis of the same 
data by Point and K o v a c ~ . ' ~  The difference is partly a 
result of our recognition that regime I11 enters the picture 
for very short once- and twice-folded chains.24 It is also 
partly a result of our use of an appropriate though still 
approximate averaging law for B ~ .  Another difference 
stems from our finding that an energetically inexpensive 
multistem nucleus rather than the conventional single-stem 
nucleus occurs in the extremum of sufficiently long 
once-folded (f = 1) chains. The multistem nucleus does 
not occur at all for three- and four-times-folded chains and 
occurs only marginally for long twice-folded (f = 2) chains. 
The result is then that the usual type of single-stem nu- 
cleus treatment (with appropriate regime selection and fold 
surface free energy averaging) is quite adequate for rather 
closely approximating the behavior of log G*, for short 
chains with f = 1 and f = 2 and all f = 3 and f = 4 cases 
of any chain length. The values of u and ue(-) are in all 
cases in the normal range. The usual expressions based 
on the single-stem concept, which have been successfully 
employed for analysis of the growth rate and initial la- 
mellar thickness of high  polymer^,^,^,^^ are for practical 
purposes recovered when f is 4 or 5 or greater. 

Though we have not yet completed the analysis of the 
extended-chain case, it would be reasonable to surmise that 
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a multistem nucleus will occur there for sufficiently long 
chains and lead to a lower free energy of formation than 
the corresponding single-stem nucleus. We would remark, 
however, that such an interesting result would not bespeak 
a breakdown of the conventional single-stem surface nu- 
cleation approach as applied in situations where the mo- 
lecular length and lamellar thickness were such as to allow 
about two or three or more folds per molecule, irrespective 
of whether the system in question was oligomeric or 
polymeric. 

We close with the following remarks and conclusions: 
(1) A simple treatment based on the kinetic nucleation 

theory of chain folding has been given that for short chains 
gives the undercooling at  which a specified number of folds 
per molecule will appear in an isothermal crystallization 
if kinetics permit. With independently supportable input 
data, this theory appears successfully to predict the tem- 
perature and molecular length domains where once-, twice-, 
three-, and four-times-folding will occur in low molecular 
weight PEO fractions. In general, short chains require a 
significantly higher undercooling to attain a specified 
number of folds per molecule than do larger ones. 

(2) We note further that  the theory outlined here has 
been employed to predict the onset of chain-folding effects 
in ultralong n-paraffins.26 A plot similar in general 
character to Figure 2 is easily constructed for this system, 
and the results appear to be in the least qualitative accord 
with recent workz7 on pure n-paraffins C150H302 to C390H782. 
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ABSTRACT: A Monte Carlo simulation of polymer chains with gauche/trans energy differences was carried 
out on the diamond lattice. The Flory mean-field lattice theory predicts a first-order phase transition for 
such a system. However there has been recent speculation that  this could be an artifact of the mean-field 
approximation. In the present calculation the lattice was fully occupied and Mansfields method for generating 
allowed moves via bond breaking/reformation was utilized. It was found that a freezing/melting transition 
does take place. It appears to be clearly first order. The melting point and the conformational composition 
of the disordered state are in good accord with the predictions of the mean-field lattice theory (in the Huggins 
occupational probability approximation). 

Lattice calculations have long formed a convenient basis 
for assessing the statistical properties of polymer chains. 
One of the more interesting applications was a treatment 
by Flory’ of conformationally “stiff’ chains (e.g., chains 
possessing conformational energy differences). With the 
use of a random approximation for site occupational 
probabilities, it was found that the partition function 
factors into a term arising from packing on the lattice and 
a conformational term identical with that of a free chain. 
It was demonstrated that this model exhibits a first-order 
melting/freezing transition. This arises because in the 
lattice representation of the disordered state, the confor- 
mation free energy (which increases with decreasing tem- 
perature), can no longer offset the positive free energy of 
packing. The total free energy becomes positive and thus 
the zero free energy ordered crystalline state becomes more 
stable. The model, when generalized to include the sec- 
ond-order conformational energy effects, has been used to 
discuss the role of polymer conformational structure on 
the thermodynamics of melting.213 

Recently the model has been the subject of renewed 
interest. New statistical mechanical arguments have been 
advanced that have led to questioning the existence of such 
a t r a n ~ i t i o n . ~ ~  These arguments and the model in general 
have recently been discussed by Nagle et aL7 The case for 
the prediction of a first-order transition has been reiterated 
by Flory.B Monte Carlo simulations have contributed to 
clarifying the situation. Baumgaertner and Yoong carried 
out a simulation on the plane square lattice and found a 
first-order transition. The quantitative results were not 
in particularly good agreement with the model predictions, 
and it has been commented’O that the results (presumably 
due t o  finite system size effects) do not satisfy known 
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bounds. Later Yoon and Baumgaertner reported a simu- 
lation on the cubic lattice’l that showed a transition and 
gave better agreement with the mean-field model predic- 
tions. 

The Monte Carlo lattice simulations use periodic 
boundary conditions with a number of elementary unit 
cells of the lattice filling a super unit cell or “box”. The 
chains to be simulated are placed in the box and the latter 
is replicated to approximate an infinite system. In the 
above simulati~ns,~J’ Baumgaertner and Yoon used rep- 
tation as the move and this was allowed by the presence 
of a small number of vacant lattice sites. The chain lengths 
chosen were nearly the linear size of the box. Baumga- 
ertner12 has reported simulations on both the plane square 
and cubic lattices where the chain size was much smaller 
that the box size. Here it was found that at  low temper- 
ature the system orders into domains of parallel extended 
chains whose boundaries are defined by surfaces composed 
of chain ends. The orientation of chain direction from 
domain to domain was disordered. In other words, the 
system became polycrystalline with crystallite thickness 
determined by chain length. However, the chain-ordering 
process was gradual with decreasing temperature; no 
transition was found. The disordering due to multiple 
orientations of the domains apparently was sufficient to 
prevent it. Since there is no energy penalty associated with 
surface formation it is apparent that domains whose ori- 
entations are disordered can easily have lower free energy 
than a completely ordered system. However, it seems 
equally apparent that as the chain size is allowed to in- 
crease the contribution of the domain-directional disor- 
dering to the free energy on a per bead basis would become 
small compared to that from the internal chain confor- 
mations. The transition would reappear in a really large 
simulation (presently impractical) of long chains and with 
box size even much larger and in which the bulk free en- 
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