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Communications to the Editor 
On the Self-consistency of the Hoffman-Miller 
Theory of Polymer Crystallization' 

In the Hoffman-Lauritzen (HL) theory, the crystalli- 
zation of a polymer lamella occurs by initiation and growth 
of nuclei on substrates of constant length L, which are 
parts of the edge of the lamella (Figure 1). Hoffman and 
Miller (HM)' analyze growth rate data of polyethylene 
(PE) crystals measured by Hoffman et a1.2 and by a so- 
phisticated development and conclude a new value for L 
N 21 nm. They claim that "it removes an objection made 
by Point et al.3 who noted that if L was actually as large 
as some of the earlier estimates: nonlineal growth should 
be readily observed". Our point in this short communi- 
cation is that, if L = 21 nm, it is smaller than the width 
of a stable secondary nucleus (as calculated by the HM 
formalism). Therefore, the HL theory is not self-con- 
sistent. 

In the HM and HL theory, a secondary nucleus is made 
of Y adjacent stems (Figure la)  having a width a, a thick- 
ness b, and a length 1, and the equation 

(1) 

expresses that the excess free energy A@ of a just stable 
nucleus is equal to zero. In the surface term of A@, u is 
the lateral surface free energy, u, is the fold surface free 
energy, and in the volume term AG = Ah,AT/T,. Here, 
Ahm is the heat of fusion, Tis  the isothermal crystallization 
temperature, T, is the melting temperature, and AT = T, 
- T is the undercooling. 

If, for instance, the values of the various involved pa- 
rameters are chosen as in the numerical example given by 
HM5, the width L, of a stable nucleus is found to be 51 nm 
and therefore 

L, > L(1) ( 2 )  

A@ = 2bla + v(2abaJ - ablAG = 0 

The same inequality holds for each PE  fraction and each 
crystallization temperature experimented by Hoffman et 
a1.2 and used by HM in their theoretical development.' 
The same result is also obtained if the expression of A@ 
given by HM6 is used to estimate L,. 

The inequality (2) means that, in the completely hy- 
pothetical regime I, the growth of a nucleus stops before 
it is stable (Figure lb). This cannot be accepted. A fortiori 
it is not possible to envisage in the polynucleation regime, 
the development of several nuclei on the same substrate 
length L. It appears, that the claim of Hoffman and Miller 
that L is 21 nm makes their theory not self-consistent, a 
result which might be anticipated from our previous paper 
on the ~ubjec t .~  The just-given development is the original 
version of this note. Because one of the reviewer suggests 
a more explicit discussion, we make additional direct 
comments8 on our previously7 expounded position. 

We note that the calculated value of L, is too large7a in 
view of the observations made by neutron diffractiong on 
crystals grown from the melt.1° Because L, is crucially 
dependent upon the magnitude of 6, a reviewer suggests 
to revise the numerical value of 6, which was calculated 
by Hoffman2 on the assumption, presently denied by HM', 
that the growth of a nucleus could continue indefinitely 
along the substrate. But it may be inferred from a detailed 
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Figure 1. Hoffman-Miller model: (a) Secondary nucleus on the 
edge of a lamella divided in segments of length L. The surface 
free energy is u along the lateral surfaces of area 2bl and ue along 
the fold surfaces of area 2vab. The volume of the nucleus is vabl. 
(b) Free energy of a surface path. If the width of the nucleus is 
L, its development stops despite the fact it is unstable (for clarity, 
the width of the first stem is enlarged). 

calculation given by one of that the value of 6 does 
not depend on the assumption of an indefinitely large 
substrate. Moreover, and this is perhaps more important, 
the magnitude of 6 does not depend critically on detailed 
assumptions but solely of the invalid approximation," 
which visualizes the attachment of a full stem as a single 
stage in the nucleation process. This was pointed out in 
various circumstances by one of us and by D. Sadler.12 
Therefore in the framework of even revised versions of the 
Hoffman theory, it is impossible to change significantly 
the value of L,. On the other hand, the value of L results 
from the HM analysis of data, which are accepted2J3 as 
giving the proof of the existence of the hypothetical per- 
sistence length and of the occurrence of various regimes. 

A reviewer suggests too that a metastable patch firstly 
limited in one persistence length may be later on stabilized 
by completion on an adjacent length, but this cannot be 
accepted because the premise of the model is that, in re- 
gime I, one nucleus develops in a single persistence length. 

It must be underlined that the inequality (2) is a con- 
sequence not of adjustable sophisticated developments 
(involving reptation process or arguments based on sta- 
tistical mechanics ...) but from the fact that 6 is calculated 
in an elementary way to be small. It is small because the 
attachment of a full stem is considered as a single stage 
of the nucleation process. In this respect, note that the 
usual procedure of deriving, from the dependence of the 
growth rate G versus the crystallization temperature T, 
the value of the product uu, of the co-called lateral and 
fold surface free energies is definitely an evaluation of the 
free energy barrier, which opposes the deposition of the 
first of these full stems and thus relies on an invalid ov- 
ersimplification. The fact that this procedure was pre- 
viously used is not by itself a proof of its validity. Finally, 
we seriously question the existence of regime transitions. 
We note, according to Lovinger et al.,14 that regime I - 
I1 transitions have been reported only for polyethylene and 
poly(L-lactic acid), and polymers such as poly(oxyethylene), 
poly(tetramethy1-p-silphenylene siloxane), for whose ex- 
tensive ranges of growth rates at high temperatures are 
available, do not show discernible regime I - I1 breaks. 
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(4) 
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Figure  1. (A) Method of detecting regime transitions. The 
dashed line indicates a reversion to regime I1 that may occur a t  
high temperatures (see ref 25). For bulk rate data, In G is replaced 
by In ( T ; ~ ) .  (B) Barrier system for HL-HM models. Inset shows 
schematic representation of substrate length L. The quantity g 
is the substrate completion rate. 

experimental evidence concerning the reality of regime 
transitions in such polymers. Regarding the latter, they 
state “Finally, we seriously question the existence of regime 
transitions”. This refers specifically to the regime I - I1 
transition. The theoretical framework they challenge is 
that commonly termed “LH” or “HL”, which is based on 
the work of Lauritzen and Hoffman2 as extended to include 
the prediction of regime I - 11 transitionsH (involving the 
introduction of a finite substrate length L),  regime I1 - 
I11 transitions?’ the effect of reptation: and recently an 
improved version of the latter by Hoffman and Miller 
(HM)9 that included a rough estimate of L for melt-crys- 
tallized polyethylene. It is this estimate of L that con- 
stitutes part of their objection. Evidently P&D consider 
regime I to be “completely hypothetical”, which if correct 
would leave no room for believing in the reality of a I - 
I1 transition, let alone the presence of a substrate of length 
L to explain it. To counter the views of P&D, we f i t  cite 
experimental results showing that regime transitions do 
occur and then deal with their criticism of the magnitude 
of L. 

A. Are Regime Transitions Real? For crystallization 
of lamellar polymers with chain folding, nucleation theory 
predicts the presence of three regimes denoted I-III.3-7*9 
To detect them, one commonly plots In G + ED*/RT vs 
l / T ( A T )  as shown schematically in Figure 1A. Here G 
is the observed lineal growth rate, T the isothermal crys- 
tallization temperature, AT the undercooling, and ED* the 
activation energy of transport of molecules to the crystal 
interface.1° Where the bulk crystallization rates are em- 
ployed, one plots In (7i-l) + ED*/RT vs l/T(AT) where 
T ,  is the time rewired to attain a fixed degree of crys- 
t hza t ion  x. T h i  slope changes in Figure 1A signify the 
presence of regime transitions. As one goes from regime 
I to regime 11, the slope is predicted to fall by a f a ~ t o r ~ - ~  
of 2, and as one goes from regime I1 to regime 111, the slope 
is predicted to increase by a facto# of 2. Polymer systems 
showing exper imenta l l y  such slope changes are listed in 
Table I and discussed more fully below. We quote only 
those examples where the author(s) stated that the I - 

Response to  Criticism of Nucleation Theory As 
Applied to  Crystallization of Lamellar Polymers 

In the preceding paper, Point and DosiBre’ (hereafter 
P&D) criticize a widely used body of theory concerning 
crystallization of lamellar polymers because of a supposed 
major inconsistency involving the magnitude of the sub- 
strate length L and because they apparently do not accept 
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