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ABSTRACT: A path of polymer crystallization has recently been proposed by Strobl by which lamellae are first
formed in a mesophase, which then convert to the crystal form with a nanoscale granular or blocklike structure.
The crystallization temperature dependence of the lamellar thickness was argued to imply a transient mesophase.
Here we argue that the granular structure of the lamellae is itself a fingerprint of the transient mesophase into
which a lamella originally grows and its conversion to the higher-density stable form. The lower interfacial
energy of the mesophases, which cause them to be favored as the initial growing phase, is directly connected to
their lower density. The reduction in area at the mesophase-stable transition, being frustrated by the tethering of
the stems to the amorphous region, results in the granular structure. We also discuss the effect of the relaxation
of the stresses in the amorphous region and importance of hysteresis at the mesophase-to-crystal transition.

Introduction

The basic mechanisms of polymer crystallization have re-
cently become the subject of renewed interest, study, and debate.
Strobl et al. have shown clearly, through careful experimental
methodology, that many semicrystalline polymers exhibit a
granular substructure.1-3 By relating the crystallization tem-
perature, melting temperature, and crystalline lamellar thickness,
they have shown that the thickness is related to the proximity
of the crystallization temperature to a transition temperature
located above the equilibrium melting temperature.4-7 Their
proposed mechanism and thermodynamic framework is that
lamellar growth fronts are thin layers of a mesomorphic phase,
which thicken until they reach a thickness where the stable
crystal phase is favored. When the layers convert to the crystal
phase, they can no longer thicken. The conversion occurs in a
blockwise fashion, resulting in the observed granular structure;
then a stabilization process occurs, which lowers the free energy
of the newly formed crystallites so they do not return to the
mesomorphic phase if the temperature is raised slightly. This
route to crystallization was shown to apply to many cases in
polymer crystallization.

Strobl’s picture of crystallization is not yet generally accepted,
particularly due to questions in the mechanism of the block
formation and stabilization. However, we believe that the picture
and thermodynamic framework are generally correct for many
situations, and in this contribution, we explain thedirect connec-
tion between the granular block structure and the transient meso-
morphic phase. We also propose a specific stabilization mech-
anism derived from the block structure, but also show that such
stabilization is not necessary to qualitatively explain the
phenomena.

In short, it is the lateral density differences between meso-
phases and stable crystal phases, which give rise to the block
structure when the lattice contracts, with the ends of crystalline
stems kinetically tethered to positions in the amorphous melt
set by the original mesophase packing density. Because of
hysteresis, the conversion from the mesophase to the crystal
phase will occur with some degree of supercooling (“super-
thickening”) such that a slight temperature increase will not
cause the crystal to revert to the mesophase, even without an

additional stabilization of the crystal phase. Relaxation in the
amorphous region relieving the stress on the crystal-phase
packing density is a mechanism that would reduce the free
energy of the crystal state, thus providing stabilization of the
crystal phase against conversion back to the mesophase on
further increase in temperature.

We believe that this will strengthen the argument for an
important route of crystallization being mediated by transient
mesophases and provide a clear connection to the granular block
morphologies observed.

Background
It is now clear that many semicrystalline polymers exhibit a

granular substructure.4,6,8 This structure was directly observed
by AFM. The broken crystal registry between these domains is
manifest as a coherence length of the peak widths in wide-angle
X-ray scattering (“in-plane”) 200 or 110 reflections. These
X-ray-derived sizes were shown to be consistent with the AFM-
imaged domain sizes.

For an ordered phase to crystallize from the amorphous melt,
a nucleation barrier resulting from the interfacial energy between
that ordered phase and the melt must be overcome. This results
in supercooling. As Ostwald’s rule of stages implies, if the
nucleation barrier for the stable phase to appear out of the melt
is sufficiently high, another phase with a lower nucleation
barrier, having a free energy intermediate between that of the
stable phase and the melt, will be the one to form.9 This could
be, for example, the hexagonal phase in polyethylene.10

The role of transient metastable phases in the nucleation of
polymer crystals has been a subject of increased recent interest.11

Evidence that crystallization in such semicrystalline polymer
systems is mediated by a transient metastable phase had been
given by Keller, who argued in favor of its general role.10,12

This was directly demonstrated for polyethylene oligomers (n-
alkanes)13,14 and an alkyl-cyclohexane.15 These shorter mol-
ecules are relevant because Ungar had shown that the rotator
phases in shorter alkanes and the hexagonal phase in polyeth-
ylene are the same entity on a qualitative continuum.16 The
crossover from the smaller supercoolings for homogeneous
nucleation of the alkanes to the larger supercooling in the high-
MW polymers begins at rather low MW, in the range of carbon
numbern ∼ 20, suggesting a strong connection between alkane
and polymer nucleation mechanisms.17* E-mail: Eric.B.Sirota@ExxonMobil.com.
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A second process by which the metastable phase converts to
the stable phase is rapid in some cases and slow in others. In
alkanes, such variation of the rate of conversion was observed,14

and the nucleation of the crystal phase from the rotator phases
was also characterized.18,19By observing the lamellar thickness
as a function of crystallization temperature and melting tem-
perature for a variety of semicrystalline polymers, Strobl2-5,7

gives very convincing evidence that the lamellar thickness is
determined by the transition between a metastable mesophase
and the stable crystal phase.

From nucleation theory, we know that the nucleation rate is
a very strong function of interfacial energy. The interfacial
energy between two phases is very much related to how dif-
ferent they are from one another. In the simplest approximation,
one can characterize a phase by its density and only then
consider more subtle structural details such as chain order and
conformation. The hexagonal phase of polyethylene has many
gauche bonds and a high degree of disorder, with an entropy
closer to the liquid than the crystal.16 While this hexagonal
phase may have long-range positional order of the chain’s
average positions, it is not a phase of well-ordered chains
where every atom has a specific place on a hexagonal lattice. It
is rather entropically stabilized. This isgenerally true for
most mesophases, which may be crystalline in that they have
long-range positional order of the average molecule, but
where there is also a high degree of disorder. The important
point here is that mesophases in general, and the hexagonal
phase of PE (and rotator phases of alkanes) in particular, have
a lower lateral packing density than the fully ordered crystal
phase. In the case of polyethylene, the 2D packing density is
∼13% lower.20

It is important to consider the relative rates of the appearance
(nucleation and growth) of the metastable phase and the rate of
conversion of the metastable phase to the stable crystalline form.
When the latter is slower, it makes it easier to experimentally
detect the metastable phase. In then-alkanes, the rate of
conversion from the metastable rotator phase to the stable
orthorhombic phase was shown to increase with decreasing
temperature.14 However, the implications for what one would
expect for the crystal morphology in the metastable and stable
phases has not been discussed. Crystallizing out of the melt,
especially with short alkanes, large single crystals may form.
Let us suppose that, in general, a large single-crystal layer of
the metastable mesophase forms. For the alkanes and polyeth-
ylene, we know that there is a significant difference in structure
and in-plane density between the hexagonal (rotator) and the
orthorhombic crystals. There is a decrease in the area/molecule
of ∼13% in going from hexagonal to orthorhombic in PE (less
for the alkanes) with an accompanying distortion of the lattice,
shown in Figure 1a.21 In short alkanes, such a transformation
could occur with lateral molecular diffusion in the solid state,
allowing a large single-crystal to be maintained. However this
macroscopic reorganization would not be possible in a polymer
where theentangled cilia in the amorphous regions would
impede the crystalline stems from rapidly moVing laterally any
significant distance.

Thus we can understand the origin of the granular structure
as follows, shown schematically in Figure 2: Initial nucleation
and growth occurs by stem addition, but into the mesophase.
Lamellar thickening occurs while the chains are in the more
mobile mesophase. When the thickness grows large enough to
allow conversion from the mesophase to the crystal, theaVerage
density in the lamellae has been set by the mesophase, and the
crystal breaks up into blocks.

In Figure 3a, we draw theT versus 1/n phase diagram with
Gibbs-Thomson melting lines following Keller10 and use
Strobl’s thermodynamic nomenclature. This shows the thermo-
dynamic transition temperatures (equilibrium and metastable)
between the amorphous-melt (a), mesophase (m), and crystal
(c) phases as a function of crystalline lamellar thickness,n (in
CH2 monomer units).

In terms of the transition enthalpies (∆h) between the states,
and the “end”- or “basal” surface-free energy per crystal stem
(σ), the equilibrium transition temperatures are given by:

As shown in Figure 3, the M-phase is stable with respect to
the amorphous phase, after crossing to the left ofTam. Thicken-
ing moves to the left, where eventually the C-phase is stable
when crossingTcm.

Strobl considers a native crystal phase (cn≡ c here), which
is the structure into which the orthorhombic crystal initially

Figure 1. (a) Two-dimensional structures of the hexagonal (white)
and orthorhombic herringbone crystal structure of polyethylene (shaded).
The unit cells are shown in the figure. The 2D lattice expands 13%,
while the bulk density increase is only∼8.5% because the orthorhombic
to hexagonal transition also involves the appearance of gauche bonds,
which decrease the average distance along thec-axis from 2.53 to∼2.45
Å .21 Hexagonal is drawn here as an orthorhombic cell with lengths in
the ratio of x3. (b) Schematic showing lattice contraction, on a
square lattice. Displacement vectors are shown. When the contracted
structure breaks into blocks, as shown on the right, the average
displacement is much smaller.

Figure 2. Schematic, after Strobl, showing the stem addition growth
front, lamellar thickening in the M-phase, and conversion to the stable
crystal where the granular structure develops.

Tcm ) Tcm
∞ [1 -

2(σac - σam)

n∆hmc
] Tac ) Tac

∞ [1 -
2σac

n∆hac
]

Tam ) Tam
∞ [1 -

2σam

n∆ham
] Tc′m ) Tcm

∞ [1 -
2(σac′ - σam)

n∆hmc
]

Tac′ ) Tac
∞ [1 -

2σac′

n∆hac
] (1)
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forms, and a “stabilized” state (cs≡ c′ here) into which it
transforms over time. The principal difference between these,
in Strobl’s formulation, is thatσac′ < σac. After converting from
M f C, Strobl postulates that C stabilizes into C′. Thus, as can
be seen in Figure 3a, on raising temperature, the structure will
not convert back to the M phase until theTc′m line is reached.
If one crosses theTc′m line into the M-phase before melting,
then “recrystallization” will occur, where the lamellae will again
thicken. Strobl uses the thicknesses thus measured to determine
the curve associated with the equilibrium transition between the
“stabilized” crystal phase and the mesophase,Tc′m.

M f C Conversion and Superthickening. When the
thickness exceedsncm, (moving to the left, crossingTcm in Figure
3b), the crystal phase becomes more thermodynamically stable
than the mesophase, and the Mf C transitionmayoccur. Here,
Strobl assumes that the conversion actually occurs exactly on
the Tcm line, son ) ncm.

However, the transition will not occur immediately when it
is only infinitesimally thermodynamically favored. To the extent
that the mesophase does not convert to the crystal phase
instantaneously on reaching a thicknessncm, the lamellae will
continue to thicken. We then must consider both the process of
spontaneous nucleation of C in the midst of the thicker part of
the M-phase as well as the rate of propagation of the Mf C
transition into the mesomorphic region. We consider a few cases.

First, we ask what happens if the spontaneous nucleation of
the M f C transition is very slow, so slow that the growth of
the mesophase lamella is essentially already complete. In that
case, the lamellae would thicken to be wedge-shaped-like in
Figure 4a. This is not the dominant morphology reported by
Strobl, but perhaps may occur in some polymer systems.

Another case depicted in Figure 4b is where the initial
nucleation step of Mf C takes place after a finite time, but
while the lamellae is still growing. In such a case, the portion
of the lamellae which was first to form may still have grown
rather thick before the Mf C transition suppressed thickening.
In this limit, there may be a narrow, thicker wedge region that
could potentially be detectable. Once the Mf C transition has
nucleated, the Mf C front can follow the Af M stem-addition
growth front, but can getno closer thanthe point where the
thickness isn ) ncm. Figure 4b depicts this situation, where the
transition occurs whenn ) ncm.

The next question is whether the maximum front velocity of
the M f C transition is faster or slower than the growth rate of
the A f M front. If the M f C was slower, then a wedge

shape (as Figure 4a) would result, but we do not believe this is
the case. We suggest that the spontaneous nucleation of the M
f C may be delayed, but because this transition does not involve
macroscopic rearrangement, once nucleated, it could move
through the crystal faster than the stem-addition Af M growth
front, keeping up with it and resulting in a steady-state growth
behavior. Such behavior is consistent with the dominant behavior
described by Strobl, where the thickness is essentially constant
for most of the lamellae.

Considering now steady-state stem-addition, thickening, and
M f C conversion, we now want to know what the thickness
of the lamellae will be when thickening is suppressed at the
transition. One might associate this thickness with that at
thermodynamic equilibrium between the mesophase and the
crystal (ncm), as we show in Figure 4b. However,ncm is only
the thickness at which the driving potential for the Mf C
transition is identically zero, becoming finite and increasing as
n > ncm. So under isothermal conditions, we might assume a
constant lateral growth rate for the Af M stem-addition front.
The lateral speed of propagation of the Mf C transition will
increase withn-ncm. The essential point here is that the actual
thickness at which the transition occurs (which we denote as
nmc) will be larger thanncm and determined by the condition

Figure 3. (a) Temperature-thickness phase diagram with stabilization. (b) Phase diagram with “superthickening” hysteresis. (c) Phase diagram
with lateral relaxation and some hysteresis. Except for theTmc, theTij represent equilibrium thickness-dependent transition temperatures between
the two states; where a) amorphous, m) mesophase, c) crystal, and c′ & c* are stabilized or relaxed crystal structures as described in the text.
Tmc represents the observed transition temperature and differs fromTcm due to hysteresis.T∞ are the infinite thickness values for these equilibrium
transition temperatures.

ncm )
2(σac - σam)

∆hcm(1 - T/Tcm
∞ )

Figure 4. Schematics showing hypothetical thickness profiles based
on nucleation and propagation of the Mf C transition. (a) Wedge-
shaped lamellae morphology that would be expected if the Mf C
conversion occurred very late. (b) Situation if Mf C nucleation occurs
with some delay but while the lamellae is still growing. After nucleation,
the transition occurs behind the growth front whenn ) ncm. (c) M f
C transition does not occur at its thermodynamic stability point, but
requires a finite driving force, so “superthickening” will occur andn
) nmc > ncm.
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that the speed of propagation of the Mf C transition matches
that of the A f M stem-addition growth front, giving the
situation shown schematically in Figure 4c.

The existence of this hysteresis allows a simplification to the
“necessary” elements of Strobl’s framework. He assumedn )
nmc ) ncm such that without a “stabilization” process (where
the C-phase surface energy is reduced), thencm crystallites would
undergo a transition back to the mesophase on slight elevation
of the temperature. However, as we just explained, the finite
propagation rates of the Mf C transition results inn > ncm,
and so C will be stable with respect to a transition back to M
upon a slight temperature increase. While this simplifies the
framework, it also implies that the measuredTmc vs 1/n is not
exactly the equilibrium curve, and the surface energy derived
from the slope of that curve is not the true surface energy.

In Figure 3b, we show the phase diagram drawn with this
“superthickening” hysteresis rather than stabilization. TheTmc

line on Figure 3b is not a thermodynamic boundary. Its position
below Tcm represents the kinetic delay. Because thex-axis is
1/n, the shift must slow approaching they-axis. Thus forn f
∞, Tmc f Tcm, with Tmc decreasing with a greater slope. Making
a linear approximation, we thus write empiricallyTmc )
Tcm

∞ [1 - (2â(σac - σam))/n∆hmc], where the empirical constant
â > 1.

In Strobl’s formulation, the surface energy of the melting line
is associated with a stabilized crystalσac′ < σac, and for sPP,
he extracts from the slopes:4

Assuming that there is only “superthickening” and not “stabi-
lization”, we obtain:

While we argued above that a finite superthickening must
be expected and thatTmc(n) is not the equilibrium transition
temperature, we do not know the magnitude of the hysteresis
or whether it accounts fully for the experimental results. In fact,
below we will show that a stabilization should indeedalsooccur.

Granular Structure

The above discussion involved lamellar thickening and the
interfacial energies of the “end” surfaces of the lamellae.How-
eVer, the transition from the mesophase to the crystal phase
also inVolVes a non-negligible increase in the lateral packing
density.

In semicrystalline polymers, entanglements in the amorphous
region, as well as chain folds and lamellar-spanning chains, will
have the effect of limiting the allowable lateral displacement
of the crystalline stems during the rapid solid-state transforma-
tion from the mesophase to the crystal form. (This is in contrast
to short alkanes, where each stem is independent and lateral
molecular diffusion in the solid-state could more freely occur.)
Thus, over long distances (and short times), the stems are
kinetically constrained to be close to the lateral position at which

they grew in the mesophase, while the local packing now favors
the more stable crystal phase with a higher lateral density. The
constraints on the chain ends favoring the lateral density of the
mesophase, competing with the density of the thermodynami-
cally favored crystal structure, gives rise to a frustration that
will cause the crystal to break up into domains. Here, the lateral
density measured over long distance is the lower density of the
mesophase, and the local packing has the structure and higher
density of the (in the case of PE, orthorhombic) crystal. In fact,
Strobl had noted that the average density of the lamella is only
∼81% of the actual crystal density based on the local crystal
structure.7

It is apparent (see Figure 1b) that the average displacement
of molecules from their initial positions is minimized when the
contraction occurs in smaller domains. When considering com-
peting length scales, (or wavevectors in reciprocal space, q1 and
q2), such frustration gives rise to a modulation with a wavevector
qmod ) q1 - q2, in the limit of no elastic strain. In fact, Strobl
noted2 a potential similarity between these and the ripple phase
of phospholipids that may arise from competition between the
preferred packing densities of molecular heads and tails.22 The
crystalline structures are anisotropic, and there is not extensive
detailed data on the anisotropy of the block sizes. However,
taking an average of the area per molecule ofA1 ∼ 19.5 Å2 in
the rotator phase andA2 ∼ 18 Å2 in the crystal phase, we
compute∆q ) 2π/xA1 - 2π/xA2 or a modulation period of
∼108 Å, which is of the same order of what is observed. (There
are some results on the anisotropy of the domain sizes, which
suggest a shorter modulation period along the 200 direction,
which is directionally consistent with this argument.)8 This only
gives a simple phenomenological estimate for the block size.

Microscopically and energetically, the domain size can be
related to the competition between the energetic cost of a domain
wall and the elastic-like energy associated with “stretching” a
chain that is “tethered” (at least over the timescale of granular
breakup) in the amorphous region. In this way, the thermody-
namics strongly favor the crystalline close-packing, while the
linkage to the amorphous region imposes a lower overall density.
(In addition, an elastic response of the local lateral density of
the orthorhombic crystalline region can also be taken into
account so that actual local packing may be close to that of the
ideal orthorhombic crystal, but perturbed due to the stress.) We
are approximating here the situation where the stem-packing
changes rapidly compared to the diffusive dissipative response
of the amorphous melt structure such that it behaves elastically.
The nature of these timescales and how they change with
polymer MW is an important question for future study.

The energetics associated with the domain formation will
actually affect the thermodynamics of the phase transitions and
therefore modify the expressions given in eq 1 above. Here we
describe a highly simplified elastic model. The finite thickness
of the crystal layers (n) has already been included in the free-
energy used by Strobl, which accounts for the end-surface
energy (σ) of both the crystal and meso-phases. We now need
to account for the finite lateral size of the domains. Such a term
is relevant only in the C-phase because a continuous layer is
assumed to grow in the M-phase. We defineε as the edge-
surface energy of a C-phase domain (energy per unit area), and
ν ) volume per monomer unit. The free energy per monomer
due to the edge surface, for domains of diameterD is:

We model an effective elastic energygend_strainassociated with
the crystal stems having a spacingac being “anchored” into the

(from melting line)σac′ ) 7.5 (kJ/mol)

(crystallization line)σac - σam ) 5.6

(recrystallization line)σac′ - σam ) 4.1 thusσac )
9.0 andσam ) 3.4

(from melting line)σac ) 7.5

(from recrystallization line)σac - σam ) 4.1 thusσam ) 3.4

(from crystallization line)â(σac - σam) ) 5.8 thusâ ) 1.4

gedge) 4εν/D
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amorphous region with spacingam (set by the mesophase
spacing). This will increase with the size of the domain (as
depicted in Figure 1). We make a simple assumption that the
energy cost per stem isλδ,2 whereδ is the lateral distance of
the stem from its “anchoring” point. (We approximate that this
energy cost does not decrease with the length of the stem, and
we treat a crystal without 2D anisotropy.) Averaging over a
circular domain, we obtain

We could include another elastic term to allow strain of the
crystal structure away fromac, but for the present purposes,
we assume thata ) ac.

Minimizing the free energygD ) gedge + gc_strain in D, we
obtain:

Thus the selected domain size,D* , will increase with the
thickness of the layer and grow with smaller packing mismatch.
The main point is thatD* will increase withn, and thatD* and
gD
/ are determined from the competition of the edge surface

energy and strain.
The Gibbs free energy difference between the various phases

are then:

Setting these to 0 gives the phase boundaries, where we assume
that the domain size,D, is chosen to minimize the free energy
at the Mf C transition.

We see that the edge surface energy term’s contribution goes
as 1/D. As n f ∞, D will also diverge. (Above, we calculated
thatD scales asn1/3 rather than the linear dependence suggested
by Strobl’s data,1 but here we employed an admittedly over-
simplified elastic model.) The basic trends are important here,
and in the schematics of Figure 3c, we draw the phase
boundaries as linear in 1/n.

In the framework described here, the spontaneous nucleation
of the M f C transition occurs once in the lamellae and then
propagates a finite distance behind then ) nmc thickening front.
Thus each of the blocks isnot the result of independent Mf
C primary nucleation event. In Figure 5, we show schematically
how the M f C transition might propagate. As the Mf C
front passes, the molecules locally pack closer, the frustration
occurs, and the structure breaks into the granular structure behind
the transition front.

Stabilization
A specific stabilization process now naturally derives from

this picture. After the crystallization and block formation (shown
in Figure 5) is complete, there is still stress caused by the
mismatch of the crystal spacing and tethered amorphous chains.

During the relatively rapid transformation from Mf C, the
stems behaved as though they were anchored to the positions
in which the mesophase grew. However, this tethering is to the
amorphous melt and over time; after the crystal domains have
formed, chain relaxation, slow on the timescale of the initial
crystallization, will reduce the stress.

Two possible paths of relaxation are shown schematically in
Figure 6: (a) With the stem packing that formed the crystalline
block structure held fixed, the amorphous region could relax to
accommodate that stem packing. This would lower the free
energy of the existing structure. In terms of the elastic model
above, this would reducegD from gD

/ ) 6εν/D* to gD ) 4εν/
D*. Thus the elastic term would disappear, but the edge-surface
contribution would be unchanged. This mode of relaxation in
the amorphous region would be driven by the stresses on the
amorphous chains being connected to the crystal. When such
relaxation occurs, it willfurther stabilizethe block structure,
making it harder for the stems to subsequently diffuse and merge
together, as described below. (b) Depending on the relative rates
of diffusion and chain motion, it is also possible for the
crystalline domains to coarsen or anneal, increasingD from D* ,
with the amorphous region simultaneously rearranging to
accommodate that. This would lower the free energy more that
the previous case becausegD ) 4εν/D and D > D* . Micro-
scopically, one should consider this as a random diffusion,
eventually driving the system to a lower energy state, rather
than the previous case, where the relaxation is directed by a
particular stress. This situation might be more likely to occur if
temperature is raised and diffusion is faster.

In both cases, the free energy of the crystal phase will
decrease relative to that of the mesophase. Thus the equilibrium
phase boundary for C to convert back to M (i.e.,Tcm) will be
shifted up, providing stabilization for the C phase. This is shown
in Figure 3c, where the curved arrow depicts the direction of
relaxation, with theTcm curve being the limit of the diffusive
relaxation to continuous lamella withD f ∞. We see that this
is the same type of phase diagram as drawn by Strobl, with the
boundaries having slightly different meaning. Because the effect
of the stress term appears at the crystal-amorphous interface,
although laterally inhomogeneous from a microscopic point of
view (see Figure 1), it can be lumped into an effective “σac”,
consistent with relaxation ofσac f σac′.

gend_strain) λD2(a - am)2/8a2n

D*3 ) 16nεν
λ(1 - am/ac)

2
with gD

/ ) 6εν/D*

gc - ga ) ∆sac(T - Tac
∞ ) + 2σac/n + gD

/

gm - ga ) ∆sam(T - Tac
∞ ) + 2σam/n (2)

gc - gm ) ∆scm(T - Tcm
∞ ) + 2(σac - σam)/n + gD

/

Tc*m ) Tcm
∞ -

2(σac - σam)

n∆smc
- 6νε

D*∆smc

Tac* ) Tac
∞ -

2σac

n∆sac
- 6νε

D*∆sac
Tam ) Tam

∞ -
2σam

n∆sam

Figure 5. Progression of the Af M growth front and the Mf C
conversion front, leaving blocks formed in its wake. On the bottom,
the original M-phase periodicity is shown. The initial nucleation of C
is not shown. The thinner lines represent molecules in the M-phase,
and the thicker lines are those packed in the C-structure. The transition
front is noted with the thick dashed line.
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Conclusions

We have shown how the block structure would result directly
from the initial growth of a low-density ordered mesophase.
Stabilization would naturally occur due to stress relaxation,
although it will partly be an artifact of “superthickening”.

One question raised by this proposition surrounds the relative
relaxation rates in the entangled melt compared to the rate of
already straight parallel chains adjusting themselves from a less-
ordered packing to the more ordered one. In the case where the
crystals are just short alkanes, there is no molecular connection
to the melt region and there is thus no “tethering”. For longer
chains, those which only become semicrystalline with a finite
lamellar thickness (shorter than the molecular length), it begins
to be possible to have such a connection to the melt. Once the
chains become long enough to be entangled, the relaxation of
the chains in the melt can become extremely slow.

Transient anchoring of the crystalline stems to the melt/
amorphous region will occur when this timescale is slow
compared to the time to undergo the, e.g., rotator to orthor-
hombic transition. One expects this rearrangement to occur
extremely rapidly once nucleated. The relevant time here being
not the time it takes to thicken enough to want to undergo the
transition, or even the (average) time to nucleate such a
transition, but rather the rate of propagation once nucleated.
This transition does not involve any macroscopic rearrangement,
reptation, or motion, just local rotation and gauche-trans
conformational changes of already nominally elongated and
parallel stems. Thus, this could be expected to occur much faster
than pulling chains out of the melt.

This suggests experiments looking at the granular structure
as a function of polymer MW as it decreases below entangle-
ment where tethering would be lost; these questions also show
the need for molecular dynamics modeling to look at the
translational diffusion in the melt compared to gauche-trans
intramolecular motion in the ordered states. This would allow
a more quantitative description of the “tethering”, which could
have both elastic and dissipative components.

Other questions are left open, such as the relative magnitude
of the kinetically limited superthickening hysteresis as compared
to the stress relaxation at the Cf A interface, which would
stabilize the C phase. This suggests time-dependent experiments
that could differentiate these phenomena. Other questions for
investigation include: (1) the relation between the anisotropy
in the orthorhombic crystals and anisotropy, if any, in the block
structure, and (2) the change in the block size with time, which
would shed light on the stabilization mechanisms. We have not
yet addressed the question of the breaking of hexagonal

symmetry going to the orthorhombic crystal phase and effect
of the block domain boundaries on choosing the crystallographic
direction of the orthorhombic structure. Another interesting
question is whether there is any superstructure ordering of the
blocks and whether they form a two-dimensional structure, as
do other modulations due to packing frustration.23 Experiments
specifically looking at the strain in the lamella (110 and 200
peak positions) would shed light on the stresses in the crystals
arising from the amorphous layers. The elastic model given here
for the amorphous-crystal interface is highly oversimplified,
and a more detailed treatment is clearly necessary.

We suggest that the granular substructure observed in polymer
crystals is a fingerprint of the transition from the transient
intermediate state from which the crystal derived. Combined
with different crystallization and Gibbs-Thomson melting lines
and observed transient metastable phases in similar systems,
this further strengthens the case for a “major route”2 to
crystallization being through a transient metastable mesophase.
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Figure 6. Schematic showing the stress and relaxation of the lateral density of the ordered lamella and amorphous region. (a) Showing relaxation
driven by the stress. (b) Diffusion-driven relaxation minimizing the free energy.
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