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Synopsis

A theory is presented explaining the crystallization of polymers into thin and flat crystals
or lamellae. Following the physical cluster theory, the internal and surface free energy of
the “amorphous” macromolecular domain is described. Crystallization proceeds through
an internal ordering of the domain, the attachment of the partially ordered domain onto a
growth face, and, finally, regularization and domain deformation leading to minimization of
both internal and surface free energy of the attached domain and its immediate neighborhood.
The resultant fold surfaces comprise adjoining intact or deformed domes composed from
proximal-reentry loops. Although arising from an adaptation of the physical cluster theory
to describe the macromolecular domain, the free-energy equations controlling the crystalliza-
tion process are essentially the same as those describing the primary nucleation in the pre-
vailing crystallization theories. Segregation according to molecular weight is shown to
arise from the size-dependent ability of the domains to improve their internal ordering. Lamel-
lar thickening is shown to follow a critical-exponent equation dependent on surface free energy.
Experimental data from the literature, corroborating the model, are presented.

INTRODUCTION

A Gaussian segmental density distribution of macromolecules in the melt or
not-dilute solution, with the resultant high number of intermolecular ‘‘entangle-
ments,”’ stands in contradistinction to the rapid rate of erystallization such sys-
tems can manifest and the necessary high rate of ‘‘disentanglement” facilitating
such crystallization. This high rate cannot be accomodated by the rather slow
overall molecular mobility, reflected by the maximum relaxation time 7,

Therefore, a model was recently proposed by this author!-? in which a large
number of the segments belonging to a macromolecule are uniformly packed in a
macromolecular domain, and the rest of the segments extend beyond the domain
proper. These segments interpenetrate the adjoining domains and account for
the mechanical and rheological cohesion of the polymer. Our model is in agree-
ment with the conclusions of Onogi and co-workers?®-* based on rheological studies
and with the conclusions of Lindenmeyer® drawn from thermodynamic considera-
tions. The recent works of Vollmert and Stutz® concerning the determination of
interpenetration through crosslinking efficiency, and of Harget and Aharoni’ in-
volving small-angle x-ray scattering (SAXS) and its relation with small-angle
neutron scattering (SANS), both seem to corroborate our proposed model. The
existence in the melt of a measurable amount of parallel-chains ‘‘bundles” was
recently demonstrated by Zachmann® through the analysis of NMR line shape.
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The Gaussian model led to crystallization theories in which each segment is
deposited on a growth face after its neighbor. These theories lead to the predic-
tion that under large supercooling the crystal thickness will increase sharply,
contrary to all experimental observations. Also, these theories produce ther-
modynamically controlled molecular weight segregation equations that yield far
poorer segregation efficiency than is actually observed.

A theory of “‘macromolecular nucleation” was recently put forth and corrobo-
rated by Wunderlich® ! which is in contrast with the common ecrystallization
theories but lends itself to an excellent fit to the macromolecular domain concept.
Wunderlich’s model leaves, however, open the question of how a macromolecule
becomes sufficiently ordered to be aceepted into the growing erystal.

In this paper we shall first present the “amorphous”’ macromolecular domain
and then indicate how it undergoes the process of crystallization to become even-
tually an integral part of the polymeric crystal or lamella.

THE AMORPHOUS MACROMOLECULAR DOMAIN

The existence of amorphous macromolecular domains (“nodules” or “‘glob-
ules”) in crystallizable and in uncrystallizable bulk polymers is an undisputable
fact proven again and again by techniques such as electron microscopy (EM) and
small-angle x-ray scattering (SAXS). We believe that the present inability to
detect amorphous domains in highly crystalline polymers arises from the very
intense scattering of the crystalline elements, completely overshadowing the very
faint amorphous scattering in techniques such as SAXS.

From the above, it becomes evident that a theory of crystallization from the
melt or not-very-dilute solution must start from the macromolecular domain and
not from a macromolecular chain freely floating in a neutral medium, as is as-
sumed in the prevalent crystallization theories.

We start by defining the amorphous macromolecular domain and its internal
and surface free tnergies. Inscribing a sphere or cylinder with a diameter b
around the center of each segment, we define the segment belonging to the interior
of the domain as one whose distance from all its nearest neighbors is d < b.
Segments belonging to the matrix out of the domain do not have all their nearest
neighbors at d < b, but some are at d > b. Segments comprising the domain—
matrix interface belong to two half-spaces: in the interior half-space, all d < b;
and in the exterior half-space, some d < b and some d > b. The diameter b is
taken to be about the van der Waals interaction distance.!!

The physical cluster theoryi2—" was rigorously expanded by Stillinger!!-%* and
by Lee, Baker, and Abraham.” This author has recently shown?® that the phys-
ical cluster, comprised of micromolecules, can be easily replaced by a macro-
molecular domain, comprised of polymeric segments, while retaining the same
mathematics and practically all physical parameters with the exception of 7', the
critical temperature. T, is replaced by T, a reference temperature obtainable
from critical-exponents equations of free volume.!* The number of segments in
the domain proper is s, with s belonging to a single molecule, several molecules,
or part of a single molecule, as the case may be. The radius of the domain’s
interior r; is the distance from the domain’s center of gravity to the interior point
where the interfacial region begins. The radius to which the interfacial region
extends is r,.



CRYSTALLIZATION OF MACROMOLECULAR DOMAINS 1105

It was shown by Stillinger'® that the material density within a cluster is uni-
formly high, while the material density in the cavity (matrix) out of the cluster
is uniformly low. At the interface, there is a sharp drop that can be approxi-
mated by a linear change. The same density distribution was determined theo-
retically to exist in and out of the amorphous macromolecular domain.’® Ex-
perimental SAXS work of Harget and Siegmann® and of Harget and Aharoni,’
with the latter correlating SAXS with small-angle neutron scattering (SANS),
indicate that the segmental distribution described above actually exists in PET
and P8, respectively. Accordingly,

o(r) = pa 0<r<n (1)
p(r) = pe + (pps — p)(rs — 1)/ (12 — 11) nsrsn 2
o(r) = p. ST 3)

where p(r) is the density at a point » along a ray passing through the center of
gravity of the domain, p,, is the density in the interior of the amorphous domain,
and p, is the density in the cavity exterior to the domain. At T, the interior
and exterior segmental densities are equal:

Ppa = Pe = Pc T =Tg (4)
where p, is the average segmental density at Ts.
The ratio
a = sz/(Ppa — pe) for T < Tg )

is an enhancement factor, always larger than unity, being the ratio of the total
interior segmental density to the interior segmental density of the host domain.

At temperatures below T'g, p. # p, and o undergoes slight changes; but for the
present approximations these minor variations can be disregarded. The number
of segments s relates the segmental density to the domain’s radii:

s = alw/3){ppa — po) (r® + nilre + rir? 4+ %) (6)

Letting AF, be the total free energy of an amorphous macromolecular domain,
f be the homogeneous-fluid Helmholtz free energy (internal free energy) per unit
volume at the respective density p, vp1ane the planar interfacial free energy, and
Yeurve the energy correction resulting from the curvature of the domain’s surface,
the equation describing the free energy of a domain is

AF, = (s/a@) (f(pps) — f(p))/(ppa — po) +
(s/a)z/"47r7plane' [(1‘1 + TZ)/2]2' (S/a) —ih +
(/@) dxyeurve [(r + 72)/2]- (s/@) ~"* + smaller terms. (7)

A little algebra simplifies eq. (7) and reveals that AF, is built from an s-dependent
internal energy term and two s-independent surface energy terms:

AF, = (s/a)(f(ppa) — f(e))/(Pps — pe) + T¥plane(rn + 12)* +

21r‘Ycurve(Tl + 7'2) + cen (8)
The interfacial energies above are given in terms of critical exponents:
Yplane = C(TR - T)l/w+2p = C(TR - T)“ (9)

and
Yeurve = D(TR - T)2B (10)
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where C' and D are positive constants, ¢ is the compressibility exponent, u is the
surface tension exponent, and 3 is the critical exponent of the curve describing the
coexistence of a completely uniform density on one hand and domains and cav-
ities on the other.

THE CRYSTALLIZING MACROMOLECULAR DOMAIN

The process of crystallization from the macromolecular domain into a flat
crystal or lamella is a three-step process. Initially, each domain must undergo
some internal ordering, yielding a sufficient size of a reasonably well-ordered
surface area. Then, and only then, domains that are sufficiently ordered can be
attached onto a crystalline growth face. Highly ordered domains will serve as
primary nuclei, and very disordered domains will be rejected from the growth
face and remain out of the crystal. Following the step of domain attachment is
the final step of regularization, which entails of attaining a uniform crystal thick-
ness, and very often domain shape transformation aimed at minimizing the sur-
face free energy of the attached domain and its immediate neighborhood.

We shall now follow the internal ordering and crystallization of an individual
domain in some detail, using the amorphous domain’s free-energy eq. (8) as our
point of departure. Since the ratio « is very little changed upon crystallization,
we shall ignore the minor changes in its size.

In general, the more disordered a system, the higher is its internal (Helmholtz)
free energy above the equilibrium point of a fully ordered one. Since loops,
folds, and other irregularities are in essence a measure of disorder, the larger the
number of such irregularities per unit chain length, the higher will be its internal
free energy. Denoting the density in the interior of the erystallized domain by
Ppe, ONe must reach the conclusion that f(p,.) < f(p,.) and that

(/) [f(Ppa) — f(pe) 1/ (Ppa — P} > (8/ ) [f(Ppc) — f(pe) ]/(Ppc — po)- (11)

The change in the fold surface from domes to circles decreases the surface area
and serves as a part of the driving force for segmental regularization. We
shall neglect, however, this small area difference and let the fold surface be es-
sentially planar. This is what occurs eventually in the well-regularized crystal.
The planarity eliminates the curvature correction term in egs. (7) and (8) and
separates the planar surface energy into two free-energy terms, v, being the sur-
face free energy of the loop surfaces per unit area and v, being the surface free
energy of the stem surface on the side of the cylindrical crystallizing domain.
Because of the closeness of the loops’ surfaces to the disorganized ‘“‘amorphous”
domain surface, which contains mostly loops and not straight stems, the v, is
closer in magnitude to v p1ane, albeit somewhat smaller. The rigidity and order of
the stem surface makes vy, much smaller:

Yplane ; Y1 > Y- (12)

Upon crystallization, the second term on the right-hand side of eq. (8) splits
into two terms. The third term, the curvature correction term, vanishes
altogether:

T'Ypla.ne(rl + 7'2)2 + 27"'Ycurve(r1 + 7'2) -
@ary1 + 27nly,) = 2xn(nm + Ly,)  (13)
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where L is the stem length and is constrained by

1r'yplane(7‘1 + 7‘2)2 + 27F‘Ycurve(7'1 + 7‘2) > 21!'7'1(7”1')‘1 + L‘Ys)- (14)

The radius 71 alone is used on the right-hand side of the inequality since it is the
only one left upon erystallization. For a perfectly spherical crystalline domain,
L = 2r,. However, under practically all experimental conditions,

L > 2r. (15)

As will be shown later, L is dependent on the T — T = AT temperature interval.
Crystals can form, however, only at or below the maximum crystallization
temperature, which is lower than T’ under atmospheric pressure.

Recalling that f(pp) < f(ppa), that v. << ¥1, and that an increase in 27r,L of a
given domain can come only at the expense of 277 %, we find that under isothermal
conditions the total free energy of the crystallized domain, AF,, is

AF; = (s/a)(f(ppe) — f(pe))/(ppe — pe) + 2wri(rivi + L) (16)
that
AF, < AF, a7

and that the free energy released by a domain undergoing internal crystallization
is

AF, = AF, — AF,. (18)

This equation must hold for all crystallizing domains.

Noting that in egs. (7), (8), and (16) the first right-hand side term, the internal
free energy term, is negative, one observes immediately that these equations are
essentially the same as those of Hoffman?! and Wunderlich,® describing the free
enthalpy of formation of a crystalline nucleus of a volume #ri%L, containing s
segments.

With increased molecular weight, the ratio of the domain’s surface area to
volume diminishes. This means that at a sufficiently high molecular weight, the
internal free energy term in egs. (8) and (16) becomes the dominant term. The
change in free energy upon crystallization is, therefore, controlled mostly by
the change in internal free energy, and the large amount of free energy released
by the large domain serves essentially as the driving force for that domain’s
crystallization process. A partial parallel alignment of several stems in a large
domain can easily trigger its complete ordering and spontaneous crystallization.
Such an alignment is very probable in the larger domains, where these exist a
sufficient number of segments and space to form and accommodate an aligned
array of stems. It is much less probable in the smaller domains that do not have
the large number of segments and the large internal volume required for aligning
more than a few such stems. Very small molecules, whose segments are es-
sentially all domain surface segments, are not expected to undergo an intra-
domain spontaneous crystallization. On the other end of the spectrum, the
large domains do undergo spontaneous crystallization and serve as primary
nuclei for a subsequent crystal growth. It is evident from the above that the
increase in the ratio of the f(p) term to the y terms enhances internal ordering
and serves as the main driving force for intradomain crystallization.
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Denoting the volume fraction of the domain that underwent alignment and
crystallization by 0 £ y < 1, one obtains the total free energy, AF,, for a par-
tially erystallized domain:

AF, = (/&) [y(F(poe) — f(0e))/(ppe — pe) +

@ = »(f(opa) — f(0e))/(Ppa — pe)] + 2wri(rav1 + Ly.) (19)
and

AF, < AF, < AF,. (20)

The amount of disordered material on this domain’s surface is variable and
increases r somewhat to be r; < 7 < r;; but because vp1ane and 1 are rather close,
the total surface free energy will remain about the same. Therefore, the surface
free energy term is left unchanged upon going from eq. (16) to eq. (19).

Until now we have dealt with the independent crystallization of an individual
domain and with the driving foree for such erystallization. We have found that
the largest domains can crystallize practically to completion, that the smaller
domains undergo only a partial ordering, and that the smallest domains do not
improve significantly their internal order. Let us now direct our attention to the
processes of attachment onto a growth face and of regularization, that is, to the
processes of crystal growth and perfection.

As is well known, a polymer single crystal or lamella is built from molecular
stems aligned, more or less, perpendicular to the flat basal fold surfaces which
comprise of the loops. The stems and loops of each domain can remain organized
as a cylinder, can spread out as a monolayer of stems on the growth face, or reach
any state of reorganization intermediate between these two extremes. The
difference between the two extremes is noticeable in experiments where single
crystals are strained to rupture along or across the growth face. In instances
where the domain had spread itself into a monolayer on the growth face, strands
connecting the crystal fragments are seen only in fractures across the growth face,
and none appears in fractures along the growth face. In instances where the
domains retain, more or less, their initial shape, strands are seen traversing
cracks in both directions. Both these characteristics were experimentally
observed.120123

Whether the domain retains its cylindricity or not, the loops of each domain
are confined to the area of that domain’s dome alone. They are, however, not
necessarily adjacent, but reenter the stem region within the proximity of the
domain’s fold surface. The crystalline basal surfaces are defined, hence, as
surfaces comprised of adjoining domes, each of which consists of proximal reentry
folds. In the cases where the domain spreads as a monolayer on the growth face,
almost all the loops are expected to be adjacent reentry loops, although larger
distances of reentry, still within the extent of the particular domain, are present.

The driving force for the attachment of new domains onto the stem surfaces of
the growth face is the diminution of the term 2xr1Lvy, in egs. (13), (14), and (16),
and the corresponding stem surface free energy of the growth face itself. There-
fore, although an impetus for improved order and crystallization exists in the
independent domain, contact with an ordered crystalline surface will enhance the
rate of domain crystallization because of the loss of surface energy involved.
Contact of a domain with the basal surface of a crystal will not promote crystal-
lization of the domain or its attachment to the high free-energy fold surface.
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This is because a fit in register, required for crystalline continuity, cannot occur
on a stem surface and loop surface interface. Intradomain free energy reduction,
also, cannot occur upon contact of the domain’s stem surface with the highly
energetic and relatively disordered loop surface.

Conceivably, the largest surface free-energy loss will oceur if the whole surface
27riL will disappear. This actually happens to domains that pass through the
growth face and become incorporated in the flat crystal or lamella. At the time
of attachment, however, each attaching domain will tend to maximize the loss of
its own and immediate neighborhood surface free energy. If the rate of domain
deposition is very fast, the stem surface of each domain is immediately covered
by the stem surfaces of subsequently deposited domains, and a maximal free-
energy loss occurs. If the rate of domain deposition is sufficiently slow, the
newly deposited domain undergoes deformation, changing from a cylinder where
only a small fraction of the stem surface is in contact with the growth face to a
layer, the extreme case of which is a monolayer of stems, deposited on the growth
face. In this fashion, the largest area of stem surface, essentially 2#riL, is
covered up with hardly any change in the area of the growth face. The surface
free energy 2#r1Lv, is reduced to practically nothing.

The attachment of domains on the growth face is preferential: domains that
are partially ordered, and have at least a few aligned stems on their surface, can
fit in register onto the growth face and will be accepted. Domains that are
very disordered do not have a sufficient area of ordered stem surface and their
disordered surface is highly energetic will be rejected as their surface cannot fit in
register to a large enough area of crystalline stem surface to lower sufficiently the
total free energy of the system. The disordered domains are those of lower
molecular weight as in the smaller domains the ratio of internal free energy to
interfacial free energy is small and the free energy released upon internal regular-
ization is minimal. It can be stated, therefore, that the domains are segregated
into three groups: the well-ordered large domains that eventually form the
primary nuclei; the less organized domains that are sufficiently ordered to be
attached onto a stem surface but not organized enough to become primary nuclei;
and the domains of lower molecular weight that are so disorganized that they
cannot attach themselves onto an existing stem surface and are, therefore,
rejected. During normal crystallization, the second kind of domain is the
predominant type.

Segmental motion in the deforming domain facilitates its regularization. This
is manifested by an improved fit of the domain’s stem length L to the stem
length of the existing erystal by a more uniform L for all the stems in the domain,
and by a better packing within the domain and between each domain and its
adjacent domains. It is important to reemphasize here that as long as L is about
constant, the size of the loop’s surfaces will not change significantly and the free-
energy losses associated with attachment and regularization all arise from the
free surface energy of the stem surface and from the drop in internal free energy
upon enhanced ordering of the domain.

When a domain is fully crystallized in a crystalline matrix, ¥ = 1 and the free
energy equation of this domain is

AF, = (s/a)(f(l’ﬂc) - f(Pe))/(Ppc - Pe) +
2ari(rivi + (1 — ©)Lvy,); 0 Lz <1 (21
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where = diminishes from unity to zero in direet proportion to the exposed stem
surface. When the stem surface of the domain is considered together with the
stem surface of the growth face in its immediate neighborhood, z approaches
unity even faster. Since in domains that do not crystallize spontaneously only a
few stems are initially aligned, their free-energy term (which is a negative term)
will not be as large as the corresponding term in eq. (16). For such domains to
crystallize, the term 27r,(1 — z)Lvy, must be minimized so that eq. (18) can
hold. From the description, it is evident that domains too small to crystallize
independently can erystallize when deposited on a stem surface; but if their
2arL surface is disordered, they will not crystallize and be rejected from the
growing crystal. It is obvious that the diminution of stem surface free energy
reduces the total free energy of the domain and increases its stability. A erystal-
line domain fully enclosed in a crystal matrix possesses the least free energy and
is, therefore, the stablest.

In the macromolecular domain, only very few long-range inter- and intra-
molecular ‘“‘entanglements” can hold. This is in agreement with the experi-
mental determinations of the critical molecular weight between ‘“‘entangle-
ments,” yielding for each macromolecule several hundreds of repeat units
between neighboring ‘‘entanglements.’”’?2—432  Hence, rapid crystallization can
and does take place. This ease of crystallization is unexplainable according to
the prevailing theories of Gaussian intramolecular segmental density distribution
and their consequential multitudinous intermolecular “entanglements.”

Crystal growth occurs by deposition of whole domains on the growth face of the
crystal. Such deposition can be sequential or concomitant, explaining the very
fast crystal growth rates observed experimentally. The domains arrive at the
growth face either fully amorphous or partially crystalline, and those that are
sufficiently ordered not to be rejected forthwith undergo subsequent regulariza-
tion during and after their attachment. During regularization, the domain’s
stems attdin the length L, a uniform thickness of the whole crystal. The minimal
length of L is 2r;, and its maximal size is the length of the fully extended chain.
Had L been smaller than 2r1, an inerease in the loop surface will occur, econtrary
to the thermodynamically favorable decrease. At the other extreme, stretching
out a single molecule to ‘“crystallize” in an extended configuration is again
energetically unfavorable: such a single chain will have more freedom of lateral
mobility than several shorter stems grouped together, and the internal, Helmholtz,
free energy of the chain will increase. Also, a single extended chain has an enor-
mously large exposed stem surface that, despite the vanishingly small loop
surface, makes the stem-surface energy in eqs. (16) and (21) very large and goes
against the minimization of free energy. L will, therefore, reach an intermediate
size, reflecting the interplay of internal and surface free energies, and will be
subjected to the temperature effects on these energies. However, as long as
most of the stem surfaces in a thickening crystal are in contact with one another,
the changes in the internal free energy of the participating stems will not over-
whelm the surface free-energy effects. Therefore, the variations in crystal thick-
ness would be dependent on temperature mostly through the temperature de-
pendence of the surface free energy.

Recalling egs. (9), (12), and (13), it is evident that

v1 = E(Tz — T)* (22)
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and
v = G(Tr — T)* (23)

where E and G are positive constants. The values of the respective v drop with
temperature and become zero at 7' = T'p. The v1 and v, values, and conse-
quentially the crystal thickness, are independent of the shape of the domain.
Hence, an unstable state at lower temperatures can become stable at higher
temperatures; a large L, unstable at low temperatures, can turn stable at the
higher temperatures. Large L at high supercooling is, therefore, not expected
from our model, in agreement with experimental data but unlike the expectations
of the prevailing polymer crystallization theories.44—%

The critical exponent for surface tension u is dependent on the compressibility
exponent o and on the coexistence exponent 8. For micromolecules it was
shown?® that below T, 1.00 < ¢ < 1.25. The exponent 8 was found to be !/; for
both micro- and macromolecules.®®5!  Assuming that ¢ is also the same in both
instances, one obtains, see eq. (9),

117 ~28/24 < p = Yy 0 + 28 < 31/24 =~ 1.29. (24)

The stem length upon crystallization at T < T'g can therefore be described as a
function of the dependence of the surface free energy on T, — T, and will take
the following common critical-exponent equation form:

L=2r(Te = T)/Te)™* + A =2r/(1 = T/Te)* + 4 (25)

where A is a shift factor typical of each system and measured in the same units as
ri. The shape of the curve (L/2r1) versus (1 — T/Tg) is dependent on u and is
illustrated in Figure 1. In the figure, the curve was calculated for p = 1.25, and
the fit of the experimental data onto it indicates that, for all practical purposes,
v = 1.25.

The relation between a temperature change and a pressure change is best
described by an equation of the types?

(AT), = (AP),-C°K cm?/kg (26)

indicating that at constant volume, an increase in pressure corresponds to an
increase in temperature. Inserting thisin eq. (25) yields

L =2n((Te — (AP),"C)/Tr) ™" + A = 2r/(1 — (AP),-C/Tr)* + A (27)

with the consequential increase in L as a function of increasing pressure. The
reference temperature T is fixed in position, in a fashion similar to T, in the case
of micromolecular substances.

The following experimental observations will serve to demonstrate the validity
of our model.

EXAMPLES AND DISCUSSION

The existence of macromolecular domains was proposed and extensively
documented in our previous papers.!? Nodules were shown to exist in many
polymers,?-%3—8! ranging in size from monomolecular domains®53—% up to
several hundred angstroms in diameter. Domain structures were observed also
in crosslinked polymers.82—3 Single macromolecules of several polymers were
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Fig. 1. Crystal thickness, represented as L/2r, plotted against 1 — (T/Tg). Data from
references 90 and 91 for PE (O); reference 92 for PE (+); referencei93 fori-PS (X); reference
94 for i-PS (0), for POM (m), for PP (4), and for {rans-isoprene (v).

observed and measured, yielding an agreement between the observed and the
expected volumes.®:&

Due to its high crystallinity and crystallization rate, it is not surprising that
amorphous domains were not yet observed in conventionally prepared poly-
ethylene (PE) samples. However, nodular structures of the order of 100 ang-
stroms were observed in amorphous PE.®# In another experiment, PE particles
60-100 A in size were prepared but no crystalline diffraction pattern was ob-
tained®?; the failure to obtain the diffraction pattern can be attributed to the PE
being in the amorphous state. The high scattering intensity of the crystalline
components of polymers such as PE and polyoxymethylene (POM) masks the
very weak scattering of their amorphous components and will continue to hamper
the elucidation of the amorphous structure in these polymers.

Recent SAXS work of Harget and Aharoni’ on mono- and polydispersed atactic
polystyrene (PS) demonstrated the existence of molecular domains in PS and
their molecular weight dependence. Correlation of these data with SANS
data of PS indicates that the majority of the molecular segments are densely
packed in a uniform density domain, and the remaining. segments extend
beyond the boundary of their domain proper. Such a distribution explains the
differences between SAXS and SANS observations. Similar conclusions with
respect to the segmental density distribution are arrived at on the basis of the
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TABLE I
Temperature Ranges for Lamellar Thickness Determinations

Temperature range

Refer- (- T/Ta)

ence Tr, Larger Smaller 27y, A,

Polymer no. °K than than A A
PE 90, 91 430 0.155 0.191 15 none
PE 92 430 0.060 0.362 60 none
i-PS 93 668 0.38 0.56 35 none
i-PS 94 668 0.040 0.26 60 none

POM 94 455 0.027 0.40 very small 60
PP 94 532 0.192 0.486 20 none

trans-Isoprene 94 452 0.29 0.38 18 95

chemical crosslinking efficiency experiments recently performed by Vollmert and
Stutz® on poly(methyl methacrylate) (PMMA).

The remarkable agreement between the theoretical eq. (25) and the experi-
mental data is obvious from Figure 1. The data points are for PE, %9192
isotactic PS,%.9%4 POM,* PP,% and frans-isoprene.’* The temperature ranges
covered, with the resultant 2r; and A values, are given in Table 1.

The value of 2r, for i-PS is in a reasonable agreement with the amorphous
domain size of i-PS recently observed by Yeh®:% to be 20-50 4 in diameter. No
other correlations are known to us at this time.

It was shown by Flory% that theories such as those of Hoffman and Laurit-
zen, 4% Frank and Tosi,%* and Price? * lead to a segmental deposition rate of
>10" sec~!. Such high rates cast doubt on the basic premises of theories as-
suming sequential deposition of individual segments one after the other. Recent
extension of the theory by Lauritzen and Hoffman® and other crystallization
models radically divergent in its chain folding concepts® hold to the notion of
sequential deposition of independent segments onto the growth face.

Our model, however, facilitates high rate of segmental addition to the growth
face with invoking a similar rate of deposition. In this respect, it is in agreement
with Wunderlich’s model.*®® 1In our case, domains ordered to different degrees
can attach themselves at the same time to different points of irregularity along the
same growth face and spread in either direction along the growth face. The
process of attachment of partially ordered domains yields segregation according
to molecular weight. This was actually observed under high pressure®®—%4 and
at atmospheric pressure in both melt and solution.05—108

Since according to our model the rate of erystallization depends on the intra-
domain ordering as a precondition for acceptance onto the growth face, it is the
process of internal ordering that controls the growth rate and not the length of
available growth face. Hence, the crystallization rate expected from our model
is linear with time and is independent from the size of the growth faces. Accord-
ing to the common crystallization theories, the longer the growth face the higher
the probability of secondary nucleation, and therefore the higher the growth rate.
Since the growth face increases with time, the growth rate should increase too.
This time dependence is not observed experimentally,® but only a linear, time-
independent growth rate.
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The annihilation of ortho-positronium in polypropylene (PP) crystals whose
amorphous fold surfaces were removed by nitric acid etching showed the crystals
to possess microcavities.!®® It is stated, however, that amorphous defects in the
crystalline bulk are practically nonexistent.!!1~113  The morphology of the crys-
talline surface according to our model, with the adjoining domes and the shallow
channels and pits between them, explains the observations. The defects in the
PE crystals and the microcavities in the acid-treated PP crystals are, most prob-
ably, deep pits formed on the surfaces at the points where more than two domes
come into contact. When annealed, the deep pits can penetrate deeper into the
rearranging crystal until each pair impinge upon one another and tubular slits
open across the crystal thickness. NMR work!!4 and the mechanical relaxation
work of Sinnott'!® are in perfect agreement with the description above. The
relaxation involved is the PE y-relaxation, which has the same characteristics as
the a-relaxation but appears at lower temperatures and increases in magnitude
with annealing. When single crystals of PE are annealed at temperatures
above their crystallization temperature while being on a coherent substrate,116.117
they thicken and holes are formed in them. We believe that such holes are
formed in the crystal at points where the domains separate from one another.
Annealing PE crystals suspended in certain nonsolvents yielded similar holes in
the crystals!®® leading to the same conclusions.

When POM ecrystals were deformed, it was observed that in some instances
links exist between the crystalline fragments.!'® These links contain particulate
matter about 60 & in diameter. Periodicity of 80-100 A was observed in drawn
PE crystals'?® and bulk.!?! Links between crystalline fragments were observed
in nylon 6?2 and polyacrylonitrile.!?® The observations indicate, at least in the
cases of PE!® and PAN,!2% that the fibrillar structures can appear both parallel
or perpendicular to the growth face. This indicates that not in all instances a
macromolecule is spread thin in a monolayer on the erystalline growth face and
that multilayer remnants of domains are occasionally observed. The size of the
particulate matter within the fibrillar links is independent of the thickness of the
original crystals: once removed from the erystalline matrix and in no intimate
contact with one another, the domains revert back to their spheroid shape.

Determinations of the amount of material in the fold regions have removed
from contention both the tight adjacent reentry and the random switchboard
models. It was found that the amorphous content fits a value intermediate
between these two extremes,12.113.124 byt from infrared measurements!®—12%
one knows that a large number of the folds are adjacent and tight. Taking the
above into consideration, Peterlin!!? calculated an average exit-to-reentry
distance of 30 A, i.e., within the dome area of each domain. The work of Keller
and others on PE single crystals!®—13 inyolving surface etching, measurements
of surface swelling, and GPC molecular weight determinations of the resultant
fragments all lead to the conclusion that a smooth fold surface with tight and
adjacent reentry are not in full agreement with the experimental data. Molec-
ular weight distribution of about 159, in the degradation products, significantly
broader than the instrumental distribution, indicates that there exists a distribu-
tion of accessible stem lengths within the crystal. Combining this with the fold
surface being intermediate between a random switchboard model and an adjacent
reentry model, one arrives at the conclusion that the adjacent domes with the
proximal reentry folds model ean aceount for all the experimental observations.
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