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Figure 3. Two projection views of the double helices of A-amylose
and of the four water molecules (as black spots) in one unit cell.
(a) Meridional projection of the face (a,c) with the center chain
translated by ¢/2 and a/2 from the corner chains. (b) Equatorial
projection on the face (a,b). The polysaccharide structure, without
water, refined with the LALS program?? yields good R factors (0.26
and 0.29 for fiber and powder data, respectively) and no serious
short contact was found between the chains. Further contact
energy and X-ray refinement gave the localization of the four water
molecules. The final R factor in three dimensions is 0.25 for fiber
diffraction intensities and 0.27 for powder diffraction intensities.
The final structure is characterized by numerous hydrogen bonds
(represented as dashed lines) between the chains and the water
molecules and between the molecules of different chains also. The
drawing was created with the PITMOS program.’

In the last step of this study, the model was checked
against both packing constraints and experimental data.
The refinement of the three a(1—4) linkage conformations
and of the rotation of the double helices was performed
with the help of the LALS program!® (linked-atom least-
squares reciprocal space refinement system) which com-
bines X-ray and contact refinements. Calculations were
performed in three independent runs (1) with contact
energy values, (2) with ciffraction intensity data from the
fiber, and (3) with data from the powder. These three
refinements converged to the same structure with good
reliability factors (R factors) and no serious short contacts
between the chains. Comparison between calculated and
measured density suggested the presence of four water
molecules per unit cell. Further refinement indicated that
these molecules are located between the amylosic chains,
where there is sufficient space to accommodate them (see
Figure 3).

All crystalline samples of amylose studied here, i.e.,

synthetic crystals, polycrystalline powders, and artificial
fibers, exhibit the same scattering features and therefore
the same crystal and molecular organization as the crys-
talline components of native starch. The formation of
double-helical structures involving short amylose chains
appears to be a ubiquitous phenomenon governed either
by biosynthesis (in the starch granule) or by simple
thermodynamic rules (in solution). The single-strand
conformation can be predicted from the conformational
energy map of the a(1—4) linkage.!! The formation of
such double helices in solution has been postulated to
explain two majors properties of starch: gelatinization and
retrogradation.!

The size of short branches of amylopectin (12-20 glucose
residues for wheat starch) is ideal for the formation of
double helices; these chains are densely packed in crys-
tallites arranged radially in the granule. Therefore, the
three-dimensional structure of amylose A, or more precisely
of the linear branches of amylopectin in A-type starch, is
consistent with the “cluster” model of amylopectin® as well
as with the overall architecture of the starch granule.!

Registry No. Starch, 9005-25-8; amylose, 9005-82-7.
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Broken Worm and Wormlike Models for
Polyisocyanates

In a recent publication® we discussed the effect of pen-
dant group structure on the axial dimension of polyiso-
cyanates. It was established that poly[(S)-(2,2-di-
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methyl-1,3-dioxolan-4-yl)methyl isocyanate](1(S)) has a
more extended chain than the stereoirregular isomer 1(RS)
or poly(n-butyl isocyanate) (2). These polymers assume
wormlike conformations in solution.

The question of the contribution of a wormlike structure
and specific breaks? to the overall chain dimension of
polyisocyanates has been of interest for some time. Al-
though Tonelli,® on the basis of theoretical potential energy
calculations, has suggested helix reversals as an important
contribution to chain flexibility, earlier workers* had
reasoned that small random torsional fluctuations within
one helical sense could explain the chain characteristics
of poly(n-alkyl isocyanates). More recently, conformational
flexibility calculations by one of us® have shown that
torsional motions attended by small energy changes are
capable of predicting the known dimensions of poly(n-alkyl
isocyanates) without the necessity of helix reversals.

It has been suggested® and recently reemphasized’ that
it is extremely difficult to distinguish experimentally be-
tween wormlike polymers with equal persistence lengths
which do or do not have specific breaks. This conclusion,
based on experiments sensitive to the overall chain di-
mension, may not be applicable to experiments directed
to the microscopic structure. In the work below we discuss
the differences in spectroscopic properties of two poly-
isocyanates of comparable persistence lengths and show
that each can be best described by one or the other of these
models.

The polyisocyanates 1{RS) and 2 have been shown to
have persistence lengths of 250 A! and between 200 and
350 A2 respectively, in chlorinated hydrocarbons. These
macromolecules have also been studied by high-field 13C
NMR in chloroform at 50-55 °C. The polymers share two
common nuclei, the backbone carbonyl and the methylene
adjacent to nitrogen. At 125.7 MHz the line widths for
the resonances of these nuclei are observed to be 18.3 and
31.3 Hz, respectively, in 2 and ~200 and ~500 Hz in
1(RS).! Such data are well understood to be related to
local segmental motion with 2 therefore exhibiting by this
criterion far more local motion than 1(RS).%1°

This fundamental difference between these polymers is
reinforced by their UV spectra. The backbone chromo-
phore!! in 2 appears at A,,, = 254 nm with an extinction
coefficient, ¢, of 3.7 X 10° L mol™ em™ while the equivalent
band in 1(RS)! has A\, = 242 nm with ¢ = 2.5 X 10%
Bathochromic shifts and increases in ¢ have long been
known to be associated with increased conjugation.* This
conjugation is at a maximum in the planar conformation.
However, the steric repulsion between neighboring side
chain groups is also at a maximum in this conformation.
The helical conformation in polyisocyanates results in a
loss of conjugation but a minimizing of steric interac-
tions.?111% Therefore, the observed increased conjugation
in 2 can be logically ascribed to a more loosely wound helix.
Such a helix would allow more motion, an identical con-
clusion with that drawn on the basis of the NMR line
widths.
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One can proceed to assign the predominant mode of
flexibility to 1{RS) and 2 by noting that 1(S), the optically
active stereoisomer of 1(RS), prepared from the enan-
tiomerically pure S monomer shows by optical rotation and
circular dichroism!!* a preference for one of the helical
senses. Therefore, the stereoirregular polymer derived
from racemic monomer, i.e., 1({RS), could contain a helix
reversal at each location in the chain where the pendant
group changes from an R to an S unit or vice versa. Since
the NMR and UV characteristics of 1(S) and 1(RS) are
almost the same,! suggesting, for the reasons discussed
above, similar microscopic motional properties, the in-
creased persistence length found for 1(S), 600 A as com-
pared to 250 A for 1(RS), must be caused by the increased
number of specific breaks, i.e., helix reversals, in 1(RS) over
1(S).

Since the NMR and UV characteristics discussed above
show 2 to be far more flexible in local motions than 1(RS),
the similar persistence lengths of 1(RS) and 2 must arise
from the specific breaks in 1(RS) compensating for the
increased torsional flexibility in 2. This is also consistent
with the compared steric sizes of the 2,2-dimethyldioxolane
and n-butyl pendant groups. These results do not imply
the absence of helix reversals in 2.

Thus, there is a fundamental difference between the
polyisocyanates 1{RS) and 2 even though their chain di-
mensions as evaluated by the persistence length are similar.
Microscopic probes, i.e., NMR and UV, allow us to dis-
tinguish between wormlike chains with similar extension
but different frequency of specific breaks, a distinction
which is difficult to make on the basis of light scattering
or hydrodynamic data.

This comparison of wormlike polymers illustrates that
spectroscopic methods can be useful in characterizing the
relative contributions of minor conformational fluctuations
and specific breaks to the extension of relatively stiff
chains.
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Direct Evidence for Cocrystallization in Binary
Mixtures of Ferroelectric Copolymers

Recently, increasing attention has been devoted to
polymer mixtures from both the theoretical and the ex-
perimental points of view. Most polymer blends are in-
compatible because the contribution from the mixing en-
tropy is very small as a result of the large degree of freedom
of polymer chains. Miscibility between two amorphous
polymers has been demonstrated by many researchers and
studied intensely, especially in relation to phase-separation
dynamics. Miscibility between crystalline and amorphous
polymers has also been examined, and a number of com-
patible blends are known (e.g., poly(vinylidene fluor-
ide)/poly(methyl methacrylate)? or poly(e-capro-
lactone) /polystyrene®). These two categories of polymer
blend have been reviewed extensively.*5

However, only a few studies have been reported on the
miscibility between two crystalline polymers, and co-
crystallization within a single lattice is extremely rare and
in many cases questionable. Commonly, the necessary
conditions for cocrystallization are thought to be (a)
miscibility in the melt and (b) similarity in crystalline
structures of the individual constituents. Polymers that
might satisfy such conditions have been sought among
those having similar chemical compositions. For example,
poly(vinyl fluoride) (PVF) and poly(vinylidene fluoride)
(PVF,) had been considered for over 20 years to cocrys-
tallize within a single lattice.®” However, recent evidence®
indicates that these two polymers are in fact immiscible
in both the amorphous and the crystalline states.
Ethylene—propylene—diene rubbers of very low crystallinity
were reported® to undergo only partial cocrystallization
with branched (but not with linear) polyethylene. Poly-
(butylene terephthalate) showed a single melting endo-
therm with one composition of its segmented block co-
polymer with tetramethylene oxide, although cocrystalli-
zation could not be demonstrated by X-ray diffraction
because of the similarity in the diffraction patterns of the
two components of the blend.!* Very recently,"* blends of
poly(ether ketone) and poly(ether ether ketone) have been
reported to be miscible in the crystalline phase on the basis
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of their melting behavior, although the glass-transition
temperatures of the two constituents are too close to allow
definitive confirmation of compatibility.

Other crystalline polymers that might at first be thought
of as forming compatible crystalline blends actually do not.
For example, poly(vinylidene chloride) copolymers are
compatible with a variety of polyesters only in the
amorphous phase; the crystalline morphology shows sep-
arate populations of the two constituents.’> The same is
true for blends of isotactic polystyrene with poly(2,6-di-
methylphenylene oxide).!® In blends of PVF, with stere-
oregular poly(methyl methacrylates) (PMMA), only the
former crystallizes.'* And isotactic and syndiotactic
PMMA do not form a true blend, but rather a bimolecular
complex consisting of a double-stranded helix with the
syndiotactic chain wrapped around the isotactic one.!®

On the other hand, if a blend of two crystalline polymers
is studied in which both crystalline phases undergo solid-
state transformations (such as Curie transitions) and if the
temperatures of such transitions depend strongly on the
crystalline structure, there exists the possibility for a clear
and unequivocal determination of cocrystallization within
the same lattice.

In most materials that are miscible in the melt the
system undergoes microscopic phase separation below the
melting point; as a result, two types of crystal, having
lattice dimensions characteristic of the individual com-
ponents, coexist independently. In some cases (e.g., Cu
and Ni) the two components can form solid solutions, in
which they remain miscible even below the melting point,
thus cocrystallizing within a single lattice. Such coexist-
ence within the same lattice is very rare, especially in
polymeric crystals because they are stabilized by van der
Waals forces, which are of very short range. Therefore,
small lattice mismatches result in high energetic states.
In polymeric blends, isomorphic crystallization should thus
be favored when the crystal structures of the two compo-
nents are very similar but especially when they already
contain some disorder which should render them more
tolerant of slight additional mismatch.

In this sense, ferroelectric copolymers of vinylidene
fluoride and trifluoroethylene (VF,/F;E) differing in
composition represent some of the best candidates for
unambiguous determination of cocrystallization, for the
following reasons: (1) their crystalline structures are very
similar; (2) they already contain a degree of intramolecular
disorder stemming from the random sequencing of VF; and
F,E units; and (3) they undergo Curie transitions whose
temperatures are very sensitive to composition.!61? Be-
cause of the solid-state nature of these transitions, it is
possible to probe molecular mixing unequivocally: In the
case of phase separation upon crystallization, {wo Curie
transitions should appear, whereas true cocrystallization
should yield only one transition.

The samples investigated here were three random co-
polymers of vinylidene fluoride/trifluoroethylene (VF,/
F;E), blended in equal weights by casting from solution
in methyl ethyl ketone, followed by vacuum drying. Three
VF,/F;E mixtures were examined: 52/48 mol % + 65/35
mol % (termed M1); 65/35 mol % + 73/27 mol % (M2);
and 52/48 mol % + 73/27 mol % (M3). Thermal studies
were performed by differential scanning calorimetry at a
rate of 10 °C/min. Structural studies were made by
wide-angle X-ray diffractometry by using Ni-filtered Cu
Ko radiation at a scanning speed of 0.25° 20/min. The
miscibility of these copolymers in the melt was examined
by direct observation under a phase-contrast microscope.
No phase separation was found in any of our mixtures at
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