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Figure 2. Young’s modulus of gel-spun/drawn polyethylene (A?,,, 
= 2 X lo6) filaments taken from ref 15. Solid line calculated 
according to eq 10 with Eo = 1.6 GPa and Eh = 300 GPa. “Cutoff 
a t  X = 120 corresponds to maximum draw ratio for polyethylene 
of molecular weight 2 X lo6 (see text). 
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Figure 3. Predicted maximum axial Young’s modulus achieavable 
through tensile drawing as function of molecular weight, calculated 
for polyethylene with eq 1 and 10. Also plotted are the reported 
maximum moduli for samples of various molecular weights: (0) 
ref 5; (0) ref 16; (A) ref 14; (0) Wu, W.; Black, W. B. Polym. Eng. 
Sci. 1979,19, 1163. (A) Kanamoto, T. Tsuruta, A.; Tanaka, K.; 
Takeda, M.; Porter, R. S. Polym. J .  (Tokyo) 1983, 15, 327; ( X )  
Kavesh, S.; Prevorsek, D. C. U. S. Patent 4413 110, 1983; (‘I) 
Barham, P. J.; Keller, A. J.  Mater. Sci. 1980, 15, 2229. 

recoiling occur, resulting in reduced efficiency of the 
drawing process. This is manifest experimentally as a 
decreasing slope of the modulus/draw ratio curve with 
increasing draw temperature.l6-ls Under such  experi- 
mental conditions the affine approximation clearly is  no 
longer valid, and the predicted moduli  a re  inevitably too 
high. 

The calculation of the modulus acknowledged only two 
types of elastic elements, i.e., helix and coil, which obvi- 
ously is an oversimplified description of the actual  struc- 
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ture  of drawn polymers. We consider this, however, to be 
one of the major meri ts  of the presented t reatment .  In 
contrast to our theory, o ther  models1g-21 assume a more 
detailed fiber morphology, characterized typically b y  a 
number of structural parameters. These parameters, often 
not readily accessible, m u s t  be determined before com- 
putat ion of the modulus is possible. The “aggregate” 
model of Ward and co-workersg from which the present  
mechanical model is essentially derived, is, according to 
the authors, of limited applicability “because of the com- 
plex changes in morphology and molecular mobility which 
occur on drawing”. It would appear from our  work that 
these complex changes underlying the development of the 
modulus with draw ratio are adequately reflected in  a 
simple helix-coil representation. 
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Table I 
Comparison of the Helix Content in the Subpopulation of 

Singly Cross-Linked, Homopolymeric, Coiled Coils 
Containing at Least One Pair of Interacting a-Helical 
Turns Calculated in the Loops-Excluded, fdo, and the 
Imperfect Matching Interior Eyelet, fd, Models as a 

Function of Helix-Helix Interaction Parameter” 
w f A O  * f A C  w f.40 f A C  

~~~ ~ 

1.0 0.36146720 0.36145499 2.0 0.38859294 0.38858711 
1.1 0.362 78474 0.362 77343 2.1 0.39652394 0.39651849 
1.2 0.36422561 0.364215 14 2.2 0.40821397 0.40820884 
1.3 0.36582311 0.36581340 2.3 0.427215 74 0.42721084 
1.4 0.367 621 04 0.367 62204 2.4 0.462 34468 0.462 33987 
1.5 0.36967853 0.36967017 2.5 0.53306055 0.53305558 
1.6 0.37207763 0.37206987 2.6 0.65327482 0.65326949 
1.7 0.37493603 0.37492882 2.7 0.77666275 0.77665737 
1.8 0.37842907 0.37842236 2.8 0.85290890 0.85290392 
1.9 0.38283045 0.38282421 2.9 0.891 92403 0.891 91960 

3.0 0.913 08447 0.91308058 

“NB = 71, Nc = 3, u = lo-*, s = 0.94, m = 4, m, = 2, m, = 3, 1, = 
2 ,  rm = and u,,, = 359 A3. (See text and ref 1 for definition of 
symbols.) The differences in /do and fd  are italic. Calculated via 
eq II-8a ff of ref 1. ‘Calculated via eq II-lla ff of Supplementary 
Material. 

part of an effort to understand the role of topological 
constraints in the conformational transitions of model 
protein systems, we developed two models of the helix-coil 
transition in singly cross-linked, two-chain, coiled coi1s.l 
Recognizing the prohibitive entropic cost of forming con- 
strained random coil loops, we formulated the “loops- 
excluded” model (LEM), which ignores the presence of 
such topologically constrained states and leads to the re- 
quirement that either the pair of a-helical turns (blocks) 
containing the cross-link is fully helical and interacting or 
there are no interacting a-helices present in the molecule. 
The second, in principle far less restrictive, “interior eyelet” 
model (IEM) included, in addition to those states of the 
LEM, constrained random coil loops originating at  the 
cross-link and ending on a pair of interacting a-helices. In 
paper 1, the IEM was artificially restricted to include only 
in-register, interacting a-helical states; i.e., helical block 
i in chain 1 can only interact with helical block i in chain 
2. In the perfect matching limit, the LEM and IEM give 
essentially identical results. Otherwise stated, due to net 
effect of loop entropy, constrained interior random coiled 
loops can be safely ignored. We further conjectured that 
even if out-of-register states are included, the IEM and the 
LEM should be equivalent. In this Note we summarize 
results of the extension of the IEM to include such out- 
of-register states in the imperfect matching interior eyelet 
model (IMIEM) and demonstrate the validity of the above 
conjecture. As the basic methodology has been developed 
e1sewhere,ls2 we relegate details of the formalism to the 
Supplementary Material. 

Since the IMIEM permits randomly coiled, cross-linked 
blocks in molecules containing interacting helices and the 
LEM does not, the helix content of the subpopulation of 
molecules containing a t  a minimum a single pair of in- 
teracting helices and calculated in the IMIEM, fd ,  is always 
less than or equal to fdo ,  the helix content of the same 
subpopulation calculated via the LEM. Moreover, for all 
values of the helix-helix interaction parameter w, it is the 
agreement of f d  with f do  that determines the range of va- 
lidity of the loops-excluded model. (Both models give the 
same value for the helix content of the noninteracting 
configurations of the two chains.) 

In the calculations discussed below, we have set the 
number of residues per block, m, equal to 4, the number 
of residues to the left (right) of and including the cross-link 

equal to 2 (3) and the Zimm-Bragg helix propagation 
parameter3 s = 0.94, and assume a uniform, site-inde- 
pendent w. The effective bond length of the cross-link is 
assumed to be equal to that of two amino acid residues. 

For the entire range of u, number of blocks NB, and 
cross-linked block location Nc studied, we found that f d  
and f d o  agree to at least four significant figures throughout 
the entire course of the helix-coil transition. In the rep- 
resentative table discussed below, the differences in the 
values of f d o  and fd are in italics. In Table I, we set u = 

NB = 71, and Nc = 3, thereby emphasizing the im- 
portance of constrained random coil loops originating a t  
the cross-link. Thus, on the basis of Table I and additional 
calculations not shown we conclude that mismatched 
states in singly cross-linked molecules are completely 
unimportant. 

The present work has implications for the non-cross- 
linked molecules as well. We have established that inde- 
pendent of cross-link location, there are no mismatched, 
interacting helical states in singly cross-linked molecules. 
Moreover, it is straightforward to show that the helix 
content of a non-cross-linked molecule containing inter- 
acting helices is in fact related to an average of f d  summed 
over all cross-link locations. Thus, in non-cross-linked 
chains our original conjectures that interacting molecules 
contain a single interacting helical ~ t r e t c h ~ , ~  and that the 
only mismatched, interacting helical states are those that 
are out-of-register are confirmede2 

The result that mismatched states and constrained in- 
terior random coil loops originating a t  the cross-link can 
be ignored points out once again the dominant role played 
by loop entropy in determining the character of the he- 
lix-coil transition in coiled coils. In non-cross-linked chains 
of moderate length, as mentioned above, loop entropy 
restricts the number of interacting helical stretches in a 
given molecule to one, but out-of-register, interacting 
helices are allowed. The interacting helical stretch may 
occur any place in the molecule and be of arbitrary length. 
The introduction of a single cross-link has greatly restricted 
the available phase space. Mismatched interacting helical 
conformations are now essentially irrelevant and either the 
single, interacting helical stretch includes the cross-link 
or the molecule does not have any interacting pairs of 
helices. In essence, we have a two-state model based on 
the conformation of the cross-linked blocks. The helix-coil 
transition is still continuous, but the conformational 
transition is more cooperative. It is of further interest what 
happens when a second cross-link is introduced; this sit- 
uation will be examined in a forthcoming paper.6 
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